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In most Puerto Rico reservoirs, Largemouth Bass Micropterus salmoides are typically
fast-growing with distributions composed of distinct year-classes. Cerrillos Reservoir, however,
displays the classic characteristics of a crowded bass population common in temperate lakes and
ponds with fish stockpiling into a single modal distribution of slow-growing fish. This
developed shortly after stocking in 1997, with the population quickly expanding to carrying
capacity. Consequently, relative weight declined from above 100 to about 80 and the population
was mostly composed of fish ≤350 mm. A protected slot limit (356-508 mm) was implemented;
however, limited effort and angler attitudes towards harvest of small bass prevented the success
of this regulation, which was subsequently removed. In this dissertation, I examined the efficacy
of using targeted management harvests for improving growth, size structure, and condition of
Largemouth Bass in Cerrillos Reservoir.
I used bioenergetics modeling to simulate the effects of targeted harvests. I predicted
annual consumption of stock and quality-sized Largemouth Bass and used these estimates to
model the effects of population reduction on consumption and growth of remaining bass. To
validate the model, experimental removals of Largemouth Bass from the crowded size classes

(200-380 mm) were conducted in 2012 and 2013. In these two years, I removed 20% and 22%
of the total biomass, respectively. Following the experimental removals, mean condition of
Largemouth Bass increased from 83 to 90, and increases were observed in all Largemouth Bass
size categories. The reduction in predator abundance resulted in increased prey availability and
smaller size structure of sunfish (Lepomis spp.) and tilapia (Coptodon and Oreochromis spp.)
populations.
I concluded that reducing Largemouth Bass abundance in Cerrillos Reservoir can move
population dynamics toward desired management outcomes, but these actions must continue
indefinitely to achieve success and sustainability. Annual management harvests are feasible but
impractical, so I recommend increasing angler harvest and implementing management efforts
designed to limit recruitment (e.g., shoreline rotenone application) to achieve management goals.
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CHAPTER I
INTRODUCTION
Largemouth Bass Micropterus salmoides are an economically important species that have
been extensively introduced into freshwater systems far beyond their native range including
subtropical and tropical regions. Despite their importance to some tropical fisheries, most
management models for Largemouth Bass are designed for temperate areas. Although the
knowledge base for Largemouth Bass management in tropical reservoirs is expanding (e.g.,
Dadzie and Aloo 1995; Neal et al. 2002; Waters et al. 2005; Neal and Noble 2006; Neal et al.
2008), many uncertainties still exist. Unlike in temperate regions, tropical Largemouth Bass
grow rapidly and usually reach maturity in less than one year (Gran 1995). Spawning season is
prolonged up to six months with multiple spawning events in a single season (Dadzie and Aloo
1990; Gran 1995), consequently resulting in reduced somatic growth. Likewise, longevity is
greatly truncated, with few fish surviving beyond age 3 (Neal and Noble 2006). Thus, tropical
reservoirs typically have Largemouth Bass populations composed of many mid-sized fish with a
few trophy-sized (>630 mm TL) fish that, for unknown reasons, are not subject to reduced
growth or lifespan. This situation of few Largemouth Bass greater than 3 years old occurs in
several of the reservoirs in Puerto Rico (Neal et al. 2009).
The Largemouth Bass population in Cerrillos Reservoir, however, exhibits unique
population dynamics compared to other tropical reservoirs. Instead, the Cerrillos Reservoir
Largemouth Bass population displays the classic pattern of a crowded bass population common
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to temperate ponds and lakes (Aday and Graeb 2012; Schramm and Willis 2012). The
population is composed of mostly small Largemouth Bass (≤350 mm TL), with a few
intermediate-sized (351-500 mm TL) or larger bass (>500 mm TL; Neal et al. 2010). Surber
(1949), Swingle (1950), and Olive et al. (2005) have all shown that lakes or impoundments with
abundant small (<300 mm TL) Largemouth Bass typically have few large bass. Furthermore, the
condition of Largemouth Bass in Cerrillos Reservoir declines sharply as fish enter the growth
bottleneck, which likely results from intense intraspecific competition for prey within the
crowded size range and is a key characteristic in bass crowding (Cross et al. 2009; Neal et al.
2010). Condition is defined as an indication of fish plumpness and overall health (Wege and
Anderson 1978). There are several condition measures, but relative weight (Wr) is one of the
most commonly used in fisheries management due to its ease of calculation, independence of
measurement unit, and comparability among fish of different lengths and from different
populations (Blackwell et al. 2000). Relative weight measures the variation between an
individual fish weight and a length-specific standard weight. It is calculated as

𝑊𝑟 = (𝑊 ⁄𝑊𝑠 ) × 100

(1.1)

where W is the measured fish weight and Ws is the standard weight for fish of the same length
(Wege and Anderson 1978). Although this equation includes a multiplication by 100, which
usually suggests the result is a percent, Wr values are unit-less (Wege and Anderson 1978).
Anderson (1980) recommended a relative weight target range of 95-105 for balanced
Largemouth Bass populations with Wr = 100 representing ecological and physiological
optimality. However, Murphy et al. (1991) and Willis et al. (1991) believed that optimal would
2

vary depending on management objectives and environmental conditions and that universal Wr
target ranges would be inappropriate. That said, fish condition can be used by fisheries
managers to assess environmental factors such as habitat conditions and prey availability
(Blackwell et al. 2000).
Predator-prey relationships greatly impact size structure and abundance of fish
communities (Garvey et al. 1998; Olive et al. 2005). For example, Nakazawa et al. (2007) found
that increased Largemouth Bass abundance relaxed intraspecific competition of Biwa Goby
Gymnogobius isaza, thereby causing increased body size of the goby population. In contrast,
Gilliam and Fraser (1987) found that increased abundance of piscivores decreased prey fish
growth rate by preventing optimal foraging. The Largemouth Bass and Bluegill Lepomis
macrochirus relationship is one of the most frequently described predator-prey relationships of
temperate ponds and lakes (Olson et al. 1995; Brenden and Murphy 2004; Oplinger et al. 2011).
Often, small impoundment populations become dominated by small (<300 mm TL) Largemouth
Bass, which reduce Bluegill abundance by intense predation on smaller (<130 mm TL) Bluegill
(McHugh 1990; Aday and Graeb 2012). This can result in a Bluegill size structure dominated by
fewer, larger adults. Desired size structure of Largemouth Bass and Bluegill populations in
ponds and lakes is usually achieved through specific stocking and harvest regimes.
Harvest regulations are a primary tool for Largemouth Bass management (Noble 2002).
Length limits can be used to manage Largemouth Bass populations by altering the size structure
to produce desired results (e.g., protect spawning adults or reduce number of recruits; Hunt 1974;
Austen and Orth 1988). However, in recent decades anglers have adopted the catch and release
mentality when fishing for Largemouth Bass (Quinn 1996; Myers et al. 2008), which has
severely decreased the effectiveness of harvest regulations (Bonds et al. 2008). Failure to
3

adequately harvest Largemouth Bass populations can lead to overcrowding when recruitment is
consistently strong (Willis et al. 2010). The Largemouth Bass population in Cerrillos Reservoir
has shown classic signs of overcrowding beginning just a few years after stocking (Neal et al.
2001). In 2003, a protective slot limit regulation was imposed to encourage the harvest of
smaller bass and protect intermediate size bass. Despite liberal harvest allowances, the slot limit
regulation did not alter the size structure of the population, primarily due to lack of angler
support and compliance. As a result, the regulation was removed in the spring of 2011.
Currently, a harvest limit of 10 bass per day with one bass ≥508 mm TL is the only regulation
being imposed on the Largemouth Bass population.
Harvest regulations must be based on sound interpretation of biological data, but also
must have the potential to achieve the desired population-level effect while simultaneously
generating support and compliance among the angler base (Nielsen 1999). In this dissertation, I
provide an integrated dataset on Largemouth Bass population dynamics and prey fish community
structure. These data are used to define predator-prey relationships in Cerrillos Reservoir and
refine harvest regulations and other management options for this important Largemouth Bass
fishery.
When my project began in 2010, the Largemouth Bass in Cerrillos Reservoir were
considered to be pure Florida Largemouth Bass Micropterus salmoides floridanus, but genetic
analysis by Peterson et al. (2017), demonstrated the population to be intergrade, though strongly
skewed toward Florida genetics. Since it was first described by LeSueur in 1822 (from Bailey
and Hubbs 1949), the Florida Largemouth Bass has been recognized as a subspecies of the
Largemouth Bass (Bailey and Hubbs 1949). Recently, Taylor et al. (2019) adopted the species
designation of Florida Bass Micropterus floridanus, citing the genetic work of Kassler et al.
4

(2002) and Near et al. (2003) making the Florida Bass a unique species rather than a subspecies
of the Largemouth Bass. However, the American Fisheries Society (AFS) has not yet named the
Florida Bass as a separate species. Seeing as I know that the Largemouth Bass in Cerrillos
Reservoir are intergrades, and because AFS does not yet recognize Largemouth Bass and Florida
Largemouth Bass as separate species, and because I followed AFS style and protocols for my
research, I treated and referred to the bass in my study as Largemouth Bass. I recognize that
differences in the two sub-species or species might manifest in behavior, population dynamics,
growth, etc., and those differences could influence the models used in my dissertation. However,
because my primary interests are in before-and-after effects, any error introduced by species
characteristics would be consistent across years and thus predicted directional change should still
be valid.
1.1

Goals and Objectives
The goal of this project was to examine the response of a tropical predator-prey system to

experimental reduction of predator abundance and use those data to develop management
recommendations designed to improve Largemouth Bass size structure and condition in Cerrillos
Reservoir. My specific research objectives were to:
1) Determine current status and population dynamics of Cerrillos Reservoir Largemouth
Bass fishery (Chapter 2),
2) Use a bioenergetics modeling approach to estimate the increase in exploitation necessary
to reduce crowding and improve condition and growth of the Cerrillos Reservoir
Largemouth Bass fishery (Chapter 3), and
3) Examine response of Largemouth Bass and prey species populations to reduced
Largemouth Bass abundance (Chapter 4)
5
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CHAPTER II
DEVELOPMENT OF A CROWDED LARGEMOUTH BASS POPULATION IN A
TROPICAL RESERVOIR
Previously published as Fox, C. N., and J. W. Neal. 2011. Development of a crowded
Largemouth Bass population in a tropical reservoir. Proc. Annu. Conf. Southeast. Assoc. Fish
and Wildl. Agencies 65:98-104.
2.1

Introduction
Voluntary release of legal-size Largemouth Bass Micropterus salmoides has become

common practice in recent years (Quinn 1996, Noble 2002, Myers et al. 2008, Willis et al. 2010).
Allen et al. (2008) estimated that average fishing mortality rates for Largemouth Bass throughout
most of the United States decreased by nearly half since 1990, likely the result of voluntary
release by anglers. This raises concerns among managers that this catch-and-release behavior is
reducing the effectiveness of harvest regulations (Bonds et al. 2008), which are one of the
primary tools for Largemouth Bass management (Noble 2002).
Length limits can be used to alter the size structure of targeted species (Gabelhouse 1987;
Perry et al. 1995). Largemouth Bass are traditionally managed using either a minimum length
limit or a protected slot length limit. Minimum length limits, intended to prohibit harvest of fish
below a specific length, are typically implemented to reduce angling mortality of fish before they
reach sexual maturity (Noble and Jones 1999). Minimum length limits are most effective when
recruitment is limited and adults must be protected until they have spawned at least once (e.g.,
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Hunt 1974). However, this regulation may not provide any benefit if recruitment is not limited,
exploitation is low, growth is slow, or anglers remove sub-legal fish (e.g., Austen and Orth
1988). Protected slot length limits are implemented to prohibit harvest of fish within a
designated intermediate size range (Anderson 1980b). Protected slot limits usually are designed
to take advantage of surplus recruits and to increase growth of mid-sized fish. However, when
anglers fail to harvest fish under a protected slot length limit, the regulation becomes ineffective
(Noble and Jones 1999).
Failure to adequately harvest Largemouth Bass populations can lead to an overcrowded
population when recruitment is high and stable (Willis et al. 2010). Crowding results when fish
densities at a particular size range exceed prey availability for that size range. Consequently,
prey consumption decreases, and growth slows for that size class. Smaller fish, which can utilize
an alternative prey base, grow rapidly until reaching sizes where prey availability is limited.
This results in stockpiling of fish at that size class, exacerbating the crowding effect. Few fish
escape the bottleneck and grow to larger sizes. While this phenomenon has been well-described
for a variety of species in temperate systems (Byrd and Crance 1965, McHugh 1990, Hansen et
al. 1998, Olive et al. 2005), it has been less commonly observed for tropical systems. The case
study presented here provides an account of the development of a crowded Largemouth Bass
population in a relatively new tropical reservoir. Furthermore, it examines the attempt to remedy
the situation using a protected slot length limit.
2.2

Study Site
The study was conducted in Puerto Rico, a commonwealth of the United States located to

the east of the Dominican Republic and west of the Virgin Islands. Puerto Rico is the smallest
and easternmost island of the Greater Antilles and is approximately 180 km long (east to west)
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and 65 km wide (north to south). Cerrillos Reservoir is a relatively new impoundment located in
the main mountainous range of the island, La Cordillera Central (The Central Range), northeast
of Ponce, Puerto Rico, in the southwestern region of the island (Figure 2.1). Construction of the
reservoir began in 1982 and was completed in 1992, but filling was not completed until 1996. It
is a 160-ha reservoir with mostly steep rocky shorelines and a maximum depth of over 80 m.
Cerrillos Reservoir is mostly an oligotrophic system with very low nutrient concentrations (Neal
et al. 2010) and no submerged vegetation. Littoral habitat in the reservoir is primarily (~70%)
steep slopes, rocky substrata, and rocky outcrops. Moderate and shallow slopes make up the
remaining 25% and 5% of shoreline, respectively. Coarse woody debris (felled trees, stumps and
inundated trees), covers about 20% of the shoreline, with the remaining 10% having no structural
habitat. Clay soil (~20%) and gravel, sand, and silt (~10%) are the other types of substrata found
in the littoral zone of Cerrillos Reservoir (Neal et al. 2014). Additional, off-shore habitat exists
in some areas of the reservoir as shallow (<3 m deep) flats or underwater ridges. The primary
purposes for the impoundment are flood control, hydropower, agricultural and drinking water
supply, and recreation (USGS 2008), which lead to significant annual fluctuations in water level.
Annual fluctuations of 10 m or more are not uncommon. The watershed is mostly composed of
coffee plantations (active and abandoned).
Fish species richness in Cerrillos Reservoir is low compared to tropical lakes around the
world (Barbour and Brown 1974, Amarasinghe and Welcomme 2002, Zhao et al. 2006) and even
other reservoirs in Puerto Rico (Neal et al. 2009). Prey species were stocked by Puerto Rico
Department of Natural and Environmental Resources (DNER) in 1996, including Threadfin Shad
Dorosoma petenense, tilapia Coptodon and Oreochromis spp., Bluegill Lepomis macrochirus,
and Redear Sunfish Lepomis microlophus. Florida Largemouth Bass Micropterus salmoides
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floridanus were stocked the following year and is the only predatory species in the reservoir (See
Chapter 1 for discussion of genetic contamination). Redbreast Sunfish Lepomis auritus, Channel
Catfish Ictalurus punctatus, White Catfish Ameiurus catus, Western Mosquitofish Gambusia
affinis, and Amazon Sailfin Catfish Pterygoplichthys pardalis are all present in Cerrillos
Reservoir, although it is not known how or when they were introduced. Redbreast Sunfish,
Channel Catfish, White Catfish, and Western Mosquitofish are not frequently encountered by
anglers or in research sampling (G. Pons, personal communication), so it is presumed their
abundances are low compared to other species in the reservoir. Amazon Sailfin Catfish
abundance increased quickly following its initial observation in the early 2010s and the
population appeared to be stable by the conclusion of this study.
From 1997 to 2000, the reservoir was not open to the public for fishing. In 2000, the
reservoir was opened to fishing three to four days a week, although long periods of closure
(weeks to months) were common. In 2003, a management station and access facility were
constructed at the reservoir, and management biologists from DNER were stationed at the
facility to provide reliable access Thursday to Sunday each week. Due to the steep rocky
shoreline and surrounding terrain, bank angling is negligible except at the management facility,
and most angling occurs in boats.
2.3

Methods
The reservoir was sampled twice per year (spring and fall) from 1997 to 2001 using a

boom-mounted electrofishing unit set at 60 pulses per second to achieve a current of 7-8 amps
DC. Five sampling sites were electrofished for 15 minutes of pedal-down time per site. Visual
stratification of longitudinal (riverine, transitional, and lacustrine) habitat types was used to
select main lake and cove sites with shoreline structural diversity. All samples were collected
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during daylight hours. At each site, all Largemouth Bass encountered were collected, measured
in total length (TL; mm), and weighed (g). Condition was determined on all Largemouth Bass
(≥150 mm TL) using the relative weight (Wr) index developed by Wege and Anderson (1978)
with Henson’s (1991) modified parameters for intercept and slope. Largemouth Bass total (all
fish) and stock-size (≥200 mm TL) catch per unit of effort (CPUE; fish/hr) were calculated as
indices of population density. Proportional size distribution (PSD) was used to describe
Largemouth Bass population size structure within the reservoir. Proportional size distribution
was calculated as

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑖𝑠ℎ ≥ 𝑞𝑢𝑎𝑙𝑖𝑡𝑦 𝑙𝑒𝑛𝑔𝑡ℎ
) × 100
𝑃𝑆𝐷 = (
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑖𝑠ℎ ≥ 𝑠𝑡𝑜𝑐𝑘 𝑙𝑒𝑛𝑔𝑡ℎ

(2.1)

following the methods of Guy and Brown (2007) where quality length fish are ≥300 mm total
length and stock length fish are ≥200 mm total length. Proportional size distribution was also
calculated for other size classes (Gabelhouse 1984) of Largemouth Bass as

𝑃𝑆𝐷 𝑋 = (

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑖𝑠ℎ ≥ 𝑋 𝑙𝑒𝑛𝑔𝑡ℎ
) × 100.
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑖𝑠ℎ ≥ 𝑠𝑡𝑜𝑐𝑘 𝑙𝑒𝑛𝑔𝑡ℎ

(2.2)

No sampling occurred in Cerrillos Reservoir between summer 2001 and spring 2010. In
spring of 2010, intensive Largemouth Bass population sampling was conducted to estimate
abundance, biomass, size structure, and condition. The entire shoreline and available off-shore
habitats were sampled using boat-mounted electrofishing with a standardized output of 3,000
watts (Burkhardt and Gutreuter 1995) on 22-25 March 2010. All Largemouth Bass collected
were measured to the nearest millimeter (total length, TL) and weighed to the nearest 2 g, and
14

stock-size fish (>200 mm) were marked by removing about 80% of the left pelvic fin prior to
release. Condition was determined on all Largemouth Bass (≥150 mm TL) using the relative
weight (Wr) index developed by Wege and Anderson (1978) with Henson’s (1991) modified
parameters for intercept and slope.
Marked fish were given 4-5 weeks to reintegrate into the population prior to recapture
efforts on 19 April 2010. During the recapture sampling, the entire shoreline and available offshore habitat was sampled using the same procedure as the initial sampling, and all Largemouth
Bass encountered were collected, measured, and examined for marks. The number of stock-size
Largemouth Bass was estimated using Chapman’s modification of the Petersen index (Chapman
̂ (Robson and Regier 1964). The
1951), with a target 95% confidence interval of  25% of 𝑁
equation for Chapman’s modification to the Petersen index is

̂=[
𝑁

(𝑀 + 1)(𝐶 + 1)
]−1
(𝑅 + 1)

(2.3)

where M is the number of fish marked during the first sample, C is the number of fish captured
during the second sample, and R is the number of fish with a mark captured during the second
sample. Variance for the population estimate is calculated as

̂) =
𝑉(𝑁

[(𝑀 + 1)(𝐶 + 1)(𝑀 − 𝑅)(𝐶 − 𝑅)]
[(𝑅 + 1)2 (𝑅 + 2)]

(2.4)

and the confidence intervals are calculated as

̂) = 𝑁
̂ ± 1.96 [𝑉(𝑁
̂ )0.5 ].
𝐶𝐼(𝑁
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(2.5)

Biomass and its confidence bounds were estimated by multiplying the mean weight (kg)
̂ ) and its
of stock-sized (≥200 mm) Largemouth Bass by the estimated population size (𝑁
confidence bounds. Relative biomass and its confidence bounds were estimated as the total
estimated biomass ± confidence bounds divided by surface area (hectares; h). These confidence
bounds are conservative because they do not take variance around mean weight into account.
Surface area of the reservoir was calculated by digitizing the map from Soler-Lopez (2011) used
to measure volume of the reservoir by 1 m depth increments. After digitizing the map, I counted
the number of pixels in the image with the reservoir at full pool (160 h) to get the pixel
equivalency of hectares. Next, I counted the number of pixels in the image at lower water levels.
Finally, I estimated surface area in hectares using

𝑥𝑖 𝑝𝑖𝑥𝑒𝑙𝑠 =

ℎ𝑓
𝑝𝑓

(2.6)

where xi pixels is the number of pixels at ith water level below full pool, hf is the number of
hectares at full pool, and pf is the number of pixels at full pool.
2.4

Statistical Analysis
Linear regression and Pearson’s correlation analyses (PROC REG and PROC CORR,

SAS Institute 2013) were used to evaluate relationships between sample progression, mean catch
rates, mean total length, and mean relative weight of Largemouth Bass. In the regression
analysis, sample progression was the independent variable and mean catch rates, mean total
length, and mean relative weight were the dependent variables. A Student’s two-sample t-test
assuming unequal variances (also referred to as Welch’s t-test; calculated by hand using online
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two-sided t-Table; degrees of freedom calculated as n-1) was used to compare size specific mean
relative weight of Largemouth Bass in Cerrillos Reservoir and southeast United States
populations (Bonar et al. 2009). For these statistical analyses, I used α = 0.05 as the level of
significance. Trendlines for relative weight distribution are quadratic (2nd order) polynomial lines
calculated as

𝑦 = 𝑏2 𝑥 2 + 𝑏1 𝑥 + 𝑎

(2.7)

where b1, b2, and a are constants and x is total length (mm). These were fit to relative weight
data using the least squares objective (LINEST) in the SOLVER add-on in Microsoft Excel.

2.5

Results
Cerrillos Reservoir showed substantial changes in Largemouth Bass population metrics

from the initial stocking until spring 2001 (Figure 2.2). Largemouth Bass were first collected
only a few months after the initial stocking of about 20,000 fingerlings in early summer 1997.
Catch rates of Largemouth Bass increased over the next two years; however, the increases were
not statistically different (R2 = 0.701, P = 0.07; Figure 2.2). Anecdotal evidence suggested that
growth of the initial stocking was rapid, with fish >400 mm TL collected the second year after
stocking. Mean total length of Largemouth Bass increased over time (F6 = 40.62, P = 0.001, R2
= 0.960) Increasing values of adult catch rate and presence of juvenile fish showed that
successful reproduction was occurring. By April 1999 Largemouth Bass relative weight (± SE)
was 89 (± 1.37; Figure 2.2) which suggested the Largemouth Bass population was on the verge
of becoming crowded (Anderson 1980). Electrofishing catch rates continued to increase, relative
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weight declined (F6 = 18.73, P =0.01, R2 = -0.91; Figure 2.2), and by April 2000, catch rates of
stock-sized Largemouth Bass were around 60 fish/h and mean relative weight was 82 (± 1.23;
Figure 2.2). The population was displaying characteristics of overcrowding at intermediate
sizes, evident from the relationship of relative weight and total length (Figure 2.3). Relative
weight declined as fish reached intermediate (250 to 350 mm TL) sizes and remained low until
fish reached the larger (≥500 mm TL) sizes.
Cerrillos Reservoir was opened to fishing in fall 2000. Following the opening of the
fishery, the electrofishing catch rates of Largemouth Bass exceeding 200 mm TL decreased by
about 40% (Figure 2.2). With the cessation of population growth in abundance, the declining
condition stabilized and even suggested a slight increase. Although only one sample was
collected after the fishery was opened, the initial trends suggested potential management through
selective harvest. A protective slot length limit of 356-508 mm was implemented in 2003 to
encourage harvest of smaller Largemouth Bass, to protect intermediate fast-growing bass, and to
allow for occasional harvest of a trophy fish. This regulation allowed for a liberal harvest of 10
Largemouth Bass a day, but with the restriction of only one bass >508 mm.
Population sampling in spring 2010 estimated the number of stock-size bass in Cerrillos
Reservoir to be 9,790 ± 2,053 (± 21%; Table 2.1). The data suggested that Largemouth Bass
stockpiling and crowding had not been affected by the protected slot length limit, with 91% of
stock-size bass still less than 400 mm. In fact, 81% of the population was below the protected
slot of 356-508 mm and available for harvest (Figure 2.4). Electrofishing catch rates of stocksize bass were 64 ± 5.3 fish/hr, which is considerably lower than more productive reservoirs on
Puerto Rico (e.g., mean ± SE of catch rates of Largemouth Bass ≥250 mm TL in Lucchetti
Reservoir was 101.9 ± 13.2 from 1996-1999; Neal et al. 1999). Overall PSD was lower than
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PSD values from other major reservoirs across the island (Table 2.2; Neal et al. 1999).
Largemouth Bass PSD, PSD-Preferred and PSD-Memorable were within target ranges for
balanced populations (Table 2.3).
Unlike condition of bass in the southeast US (Bonar et al. 2009), condition of
Largemouth Bass in Cerrillos Reservoir dropped precipitously upon reaching 200 mm and did
not stabilize or show improvement until after reaching 450 mm (Figure 2.3). Size-specific
relative weight of Largemouth Bass in Cerrillos Reservoir was lower than in southeastern US
waters (Table 2.4). Total biomass of the entire population was estimated to be 4,149 kg, yielding
a relative biomass of 16.7 ± 3.5 kg ha-1. Largemouth Bass relative biomass in Cerrillos
Reservoir was less than observed in other, more productive reservoirs in Puerto Rico (e.g., mean
± SE relative biomass in Lucchetti Reservoir from 1996-1999 was 37.0 ± 3.5 kg ha-1; Neal et al.
1999). Largemouth Bass of quality size or smaller made up the majority of the biomass in
Cerrillos Reservoir (Figure 2.5), with 57% of the biomass occurring beneath the protected slot
length limit (Table 2.5).
2.6

Discussion
Largemouth Bass have been widely introduced into freshwater systems around the world,

including many tropical environments, yet most management models for Largemouth Bass are
designed for temperate areas. Although the knowledge base for Largemouth Bass management
in Puerto Rico reservoirs is expanding (Neal et al. 2002, Waters et al. 2005, Neal and Noble
2006, Neal et al. 2008), many uncertainties in how to best manage these populations still exist.
Unlike in temperate regions, tropical Largemouth Bass grow rapidly and usually reach maturity
in less than one year (Gran 1995). Spawning occurs over a protracted period of up to six months
with multiple spawning events (Dadzie and Aloo 1990, Gran 1995), and growth slows as a
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consequence. Longevity is greatly truncated, with few fish surviving beyond age 3 (Neal and
Noble 2006). Thus, reservoirs typically have populations composed of many mid-sized fish and
a few trophy fish that, for unknown reasons, somehow defy slow growth or early mortality.
Cerrillos Reservoir does not follow typical size structure of other Puerto Rico reservoirs.
Instead, the Largemouth Bass population displays the classic pattern of a stunted bass population
common to temperate ponds and lakes. The population is composed of mostly small
Largemouth Bass ≤350 mm, with a few intermediate-sized and larger bass (>500 mm). Surber
(1949), Swingle (1950), and Olive et al. (2005) have all shown that lakes or impoundments with
high numbers of small Largemouth Bass typically have low numbers of large bass. Furthermore,
the condition of Largemouth Bass in Cerrillos Reservoir declines sharply as fish reach stock and
quality sizes. Anderson (1980) suggested that crowded Largemouth Bass populations would
have Wr values ranging from 75 to 90. Interestingly, the pattern of relative weight appears to
have shifted from the period of initial crowding to the most recent sample. In the 1999-2001
data, the poorest conditions were observed for lengths between 250 and 350 mm, and relative
weight increased rapidly for larger fish. In the 2010 data, condition was least for fish >400 mm
and only increased minimally in the largest fish. This suggests that prey populations have been
depleted to a point that recruitment of prey to larger sizes is no longer sufficient to afford a
foraging advantage to large bass (Swingle 1950, McHugh 1990, Guy and Willis 1995, Schindler
et al. 1997).
Another possible cause of the low condition of larger bass could be energy partitioning.
Since Largemouth Bass in Puerto Rico reach maturity by age 1 and spawning periods can last up
to six months with individuals spawning multiple times in a single season (Gran 1995, Waters
and Noble 2004), it is possible that more energy is being allocated towards reproduction than
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growth. For fish that are already in poor condition, this continued allocation of energy to
gonadal growth instead of somatic growth may prohibit improvement in condition.
The current study was limited by the lack of accurate age estimates. Age and growth
determination is difficult in tropical reservoirs because the fish are not subjected to major
seasonal differences like fish in temperate regions. Although otoliths typically provide age
information for many fish (Welch et al. 1993, Soupir et al. 1997, Clayton and Maceina 1999),
Neal et al. (1997) determined they cannot be used to age adult Largemouth Bass in Puerto Rico
reservoirs. Length-frequency analyses (Guy and Brown 2007) can be used to estimate age of
tropical bass because they grow rapidly for the first few years and their lifespan is usually less
than four years. However, the Cerrillos Reservoir population stockpiles by age 1 into a nearly
unimodal distribution, prohibiting length frequency analysis (Neal et al. 1997, Neal and Noble
2002). Although length-at-age keys have been used successfully to age Largemouth Bass in
Puerto Rico, known age fish were not available to create length-at-age keys for Cerrillos
Reservoir. Despite the fact that age and growth analyses were not included in this chapter, it is
apparent that Cerrillos Reservoir Largemouth Bass are stockpiling at less than desirable sizes.
Many Largemouth Bass populations across the United States have responded to length
limits as a form of management (Wilde 1997). Theoretically, imposing a slot length limit to
increase harvest of small bass would restructure a Largemouth Bass population by freeing up
resources thereby increasing growth of remaining bass (Wilde 1997, Willis et al. 2010).
However, that was not the result of the protected slot length limit regulation on the Largemouth
Bass population in Cerrillos Reservoir, and several factors may have interacted to prevent the
success of this management tool. First, the reservoir has historically experienced limited angling
effort due to periodic closures and limited accessibility. Restricted reservoir access following the
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initial introduction and subsequent population expansion may have allowed a Largemouth Bass
crowded situation to become established, and limited angling effort and a truncated angling week
could have helped to maintain it. Second, anglers have appeared unwilling to remove small bass
and do not support the protected slot length limit (D. Lopez-Clayton, Puerto Rico DNER, pers.
communication), despite that the majority of the Largemouth Bass in this reservoir were
available for harvest, with only 17% protected by the regulation in 2010.
In order to succeed, fisheries management requires integrated information on the
environment, the organisms, and the people (Nielsen 1999). Harvest regulations must be based
on sound biological data, but also must have the potential to achieve the desired population-level
effect while simultaneously generating support and compliance among the angler base. Due to
its ineffectiveness and lack of support, the protected slot length limit was lifted in 2011. Also,
the days of operation at the management station were extended to Wednesday-Sunday to
increase public use. Shoreline access has also been expanded moderately with the addition of
boardwalks and fishing docks to some areas of the shoreline. Further research reported in
subsequent chapters of this dissertation examined Largemouth Bass population abundance, size
structure, prey resources, growth, and mortality rates in Cerrillos Reservoir, with the objective of
developing management strategies for this system.
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Table 2.1

Population estimate data spring 2010.

Variable
Number
Number of Fish Marked (M)
1225
Number of Fish Captured in Second Sample (C)
566
Number of Fish Captured with Marks (R)
70
̂
Population Estmate (𝑁)
9790
95% Confidence Intervals
2053
Estimate Error (%)
21
Population estimate data for Largemouth Bass from Cerrillos Reservoir spring 2010.
Estimate error is derived from Robson and Regier (1964) and must be less than 25%.

Table 2.2

Largemouth Bass PSD-Q from some reservoirs in Puerto Rico.

Reservoir
1996
1997
1998
1999
2000
2001
2010
Caonillas
Carite
70
67
Carraizo
Cerrillos
48
44
47
55
Cidra
100
Dos Bocas
99
84
73
Guajataca
Guayabal
87
Guayo
48
79
La Plata
72
Patillas
Toa Voca
67
Proportional size distribution of quality size and larger (≥300 mm; PSD-Q) Largemouth Bass in
island reservoirs collected from spring 1996 to spring 2001 and spring 2010.
Data from Neal et al. (1999), Neal et al. (2001), and Neal et al (2010).
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Table 2.3

Proportional size distribution (Cerrillos) spring 2000, 2001, and 2010.

Sample Period
Spring 2000

PSD
44

PSD-P
10

PSD-M
3

PSD-T
0

Spring 2001

47

17

4

0

Spring 2010

55

13

2

0

Proportional size distribution (PSD and PSD-X) of Largemouth Bass in Cerrillos Reservoir in
spring 2000, 2001, and 2010.
Data from Neal et al. (2001) and Neal et al. (2010).
Length classes for Largemouth Bass from Gabelhouse (1984).
PSD = proportional size distribution of quality size and larger (≥300 mm) fish, PSD-P =
proportional size distribution of preferred size and larger (≥380 mm) fish, PSD-M = proportional
size distribution of memorable size and larger (≥510 mm) fish, and PSD-T = proportional size
distribution of trophy size (≥630 mm) fish.

Table 2.4

t-test results comparing relative weight for length classes of Largemouth Bass.

Cerrillos
Southeast USb
Length Category (mm)a
Mean
SE
Mean
SE
df
│T│
P
Substock (150-199)
96
2.5
NA
Stock (200-299)
86
0.4
90
1.1
625 5.71 <0.05
Quality (300-379)
82
0.4
89
1.1
582
10
<0.05
Preferred (380-509)
75
0.6
93
1.2
187
30
<0.05
Memorable (510-629)
79
2.2
97
2.1
36
180 <0.05
Trophy (≥630)
NA
NA
Student’s (specifically Welch’s) t-test results comparing relative weight for each length class of
Largemouth Bass from Cerrillos Reservoir in 2010 and lakes in the southeast US.
a
Length classes for Largemouth Bass from Gabelhouse (1984).
b
Relative weights for Largemouth Bass in southeast United States lakes from Bonar et al. (2009).
SE = standard error, df = degrees of freedom, │T│= absolute value of calculated test statistic, NA
indicates that no data are available.
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Table 2.5
Size
Classa
Length
(mm)
nc
WTd

Population data for Largemouth Bass March 2010.
Stock

Qualityb

Preferred

Memorable

200
300-355
356-379
380
510
578
446
94
145
20
222.5 (2.6)
406.4 (3.7)
581.6 (7.2)
939.5 (22.1)
2142.1 (114.4)
128.6
181.3
54.7
136.2
42.8
e
TBM
(126.8-129.9) (180.1-183.4)
(53.3-54.6)
(131.8-138.2)
(40.6-45.1)
f
% BM
24
33
10
25
8
Number collected (n), mean weight (±SE WT; g), total biomass (±SE, TBM; kg), and percent
biomass (% BM) by size class of Largemouth Bass during marking procedures in March 2010. No
trophy-sized (≥630 mm TL) were collected in 2010.
a
Size classes for Largemouth Bass from Gabelhouse (1984).
b
Quality size class is separated into two length classes to indicate fish below (300-355 mm) and
within (356-379 mm) the protective slot length limit.
c
number of fish collected within specified size class.
d
mean weight (± standard error in parentheses) in grams of fish collected within specified size class.
e
total biomass (± confidence bounds based on SE of mean weight) within specified size class.
f
percent of total reservoir biomass within the specified size class.
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Figure 2.1

Map of Puerto Rico and Cerrillos Reservoir.

Enlarged (top) image is Cerrillos Reservoir, an impoundment of the Cerrillos River. The
Department of Natural and Environmental Resources (DNER) boat ramp and management
station are marked by the filled circle (●).
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Figure 2.2

Catch-per-unit-effort and mean condition of Largemouth Bass.

Overall catch per-unit-effort (CPUE; fish/hr), CPUE of stock-size Largemouth Bass (≥200 mm
̂ ranged = 5 to 162) of Largemouth Bass
TL), and mean (± SE) condition (relative weight (Wr); 𝑁
from fall 1997 through spring 2001.
Overall CPUE – Filled triangle, stock-size (≥200 mm) CPUE – filled circle, relative weight. –
filled diamond.
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Figure 2.3

Relative weights for Largemouth Bass spring 2000, 2001, and 2010.

Relative weights for Largemouth Bass collected in Cerrillos Reservoir during spring 2000,
spring 2001 and spring 2010.
Dotted trendline each graph is the quadratic (2nd order) polynomial trendline calculated as:
2000: 𝑊𝑟 = 0.0006[±0.0002](𝑇𝐿2 ) − 0.3225[±0.093](𝑇𝐿) + 122.63[±14.14], R2 = 0.19,
2001: 𝑊𝑟 = 0.0005[±0.0001](𝑇𝐿2 ) − 0.3566[±0.085](𝑇𝐿) + 134.97[±13.93], R2 = 0.32,
and 2010: 𝑊𝑟 = 0.0003[±3.17𝑒 −5 ](𝑇𝐿2 ) − 0.2355[±0.022](𝑇𝐿) + 130.21[±3.68], R2 = 0.20.
Numbers in brackets of equations are one standard deviation of the parameter estimate. Solid line
indicates optimum relative weight of 100. N = number of Largemouth Bass sampled.
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Figure 2.4

Largemouth Bass length distribution March 2010.

Largemouth Bass (N = 1751) length distribution in Cerrillos Reservoir during marking
procedures in March 2010.
Shaded area indicates protected slot limit 356-508 mm.
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Figure 2.5

Biomass by size class of Largemouth Bass March 2010.

Percent biomass (columns) and cumulative biomass (×) by size class of Largemouth Bass during
marking procedures in March 2010.
Size classes for Largemouth Bass from Gabelhouse (1984).
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CHAPTER III
CURRENT MORTALITY VECTORS AND THEORETICAL MODELS FOR PREDICTING
HARVEST REQUIREMENTS OF LARGEMOUTH BASS IN A TROPICAL RESERVOIR
3.1

Introduction
The Largemouth Bass population in Cerrillos Reservoir has shown classic signs of

overcrowding beginning just a few years after stocking (Neal et al. 2001). The population is
composed of mostly small Largemouth Bass (≤350 mm TL), with few intermediate-sized and
larger bass (>500 mm TL; Fox and Neal 2011). Furthermore, condition of Largemouth Bass in
Cerrillos Reservoir declines sharply as fish enter the crowded size classes (200 to 380 mm),
which likely results from intense intraspecific competition for prey within this size range (Fox
and Neal 2011). This suggests that prey populations are insufficient for intermediate size classes
and, therefore, limit growth of Largemouth Bass.
Density dependence has received considerable attention as a factor leading to slow
growth of sport fishes (e.g., Aday and Graeb 2012). Crowded predator populations deplete food
resources to the point where growth rates of individuals are substantially reduced. Interactions
between predator and prey are generally predictable within simple trophic webs, such as most
Largemouth Bass fisheries, where reduction of predator numbers results in an increase in prey
abundance. In turn, increased prey abundance leads to improved growth rates and condition of
remaining predators (Aday and Graeb 2012). This relationship forms the basis of small
impoundment management in the continental USA, where Largemouth Bass harvest is the
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principal mechanism for maintaining acceptable growth rates for this species (Willis 2010;
Schramm and Willis 2012).
Harvest regulations have historically been a primary tool for fisheries management
(Noble 2002). However, in recent decades anglers have adopted a catch and release mentality
when fishing for species such as Largemouth Bass (Quinn 1996; Myers et al. 2008). This
behavioral change has severely reduced the effectiveness of harvest regulations (Bonds et al.
2008). Failure to adequately harvest Largemouth Bass populations can lead to overcrowding
when recruitment is strong and stable (Willis et al. 2010), and several studies have shown that
lakes or impoundments with abundant small Largemouth Bass typically have few large bass
(Surber 1949; Swingle 1950; Olive et al. 2005). In Cerrillos Reservoir, limited angling access
combined with angler reluctance to harvest smaller Largemouth Bass has resulted in persistence
of a slow growing population that is in poor condition (Chapter 2; Fox and Neal 2011).
I hypothesized that reduction in the abundance of crowded adult Largemouth Bass would
result in an increase in prey availability, thus increasing consumption and growth rates of the
remaining fish and potentially improve size structure and condition. To explore this hypothesis,
I examined current angler exploitation and natural mortality in Cerrillos Reservoir, and then used
a bioenergetics modeling approach to estimate the increase in exploitation necessary to reduce
crowding and improve condition and growth in this fishery. Finally, I used the experimental
removal of Largemouth Bass biomass presented in Chapter 4 to empirically test the performance
of the prediction model.
3.2

Study Site
The study was conducted in Puerto Rico, a commonwealth of the United States located to

the east of the Dominican Republic and west of the Virgin Islands. Puerto Rico is the smallest
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and easternmost island of the Greater Antilles and is approximately 180 km long (east to west)
and 65 km wide (north to south). Cerrillos Reservoir is a relatively new impoundment located in
the main mountainous range of the island, La Cordillera Central (The Central Range), northeast
of Ponce, Puerto Rico, in the southwestern region of the island (Figure 3.1). Construction of the
reservoir began in 1982 and was completed in 1992, but filling was not completed until 1996. It
is a 160-ha reservoir with mostly steep rocky shorelines and a maximum depth of over 80 m.
Cerrillos Reservoir is mostly an oligotrophic system with very low nutrient concentrations (Neal
et al. 2010) and no submerged vegetation. Littoral habitat in the reservoir is primarily (~70%)
steep slopes, rocky substrata, and rocky outcrops. Moderate and shallow slopes make up the
remaining 25% and 5% of shoreline, respectively. Coarse woody debris (felled trees, stumps and
inundated trees), covers about 20% of the shoreline, with the remaining 10% having no structural
habitat. Clay soil (~20%) and gravel, sand, and silt (~10%) are the other types of substrata found
in the littoral zone of Cerrillos Reservoir (Neal et al. 2014). Additional off-shore habitat exists in
some areas of the reservoir as shallow (<3 m deep) flats or underwater ridges. The primary
purposes for the impoundment are flood control, hydropower, agricultural and drinking water
supply, and recreation (USGS 2008), which lead to significant annual fluctuations in water level.
Annual fluctuations of 10 m or more are not uncommon. The watershed is mostly composed of
coffee plantations (active and abandoned).
Fish species richness in Cerrillos Reservoir is low compared to tropical lakes around the
world (Barbour and Brown 1974; Amarasinghe and Welcomme 2002; Zhao et al. 2006) and even
other reservoirs in Puerto Rico (Neal et al. 2009). Prey species were stocked by Puerto Rico
Department of Natural and Environmental Resources (DNER) in 1996, including Threadfin Shad
Dorosoma petenense, tilapia Coptodon and Oreochromis spp., Bluegill Lepomis macrochirus,
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and Redear Sunfish Lepomis microlophus. Florida Largemouth Bass Micropterus salmoides
floridanus were stocked the following year and is the only predatory species in the reservoir.
Redbreast Sunfish Lepomis auritus, Channel Catfish Ictalurus punctatus, White Catfish
Ameiurus catus, Western Mosquitofish Gambusia affinis, and Amazon Sailfin Catfish
Pterygoplichthys pardalis are all present in Cerrillos Reservoir, although it is not known how or
when they were introduced. Redbreast Sunfish, Channel Catfish, White Catfish, and Western
Mosquitofish are not frequently encountered by anglers or in research sampling (G. Pons, Puerto
Rico DNER, pers. communication), so it is presumed their abundances are low compared to
other species in the reservoir. Amazon Sailfin Catfish abundance increased quickly following its
initial observation in the early 2010s and the population appeared to be stable by the conclusion
of this study.
From 1997 to 2000, the reservoir was not open to the public for fishing. In 2000, the
reservoir was opened to fishing three to four days a week, although long periods of closure
(weeks to months) were common. In 2003, a management station and access facility were
constructed at the reservoir, and management biologists from DNER were stationed at the
facility to provide reliable access Thursday to Sunday each week. Due to the steep rocky
shoreline and surrounding terrain, bank angling is negligible except at the management facility,
and most angling occurs in boats.
3.3
3.3.1

Methods
Estimation of Mortality Vectors
Mortality vectors were estimated using 100 adult largemouth bass (>300 mm TL)

implanted using surgical techniques with ultrasonic transmitters (Sonotronics CT-05-36-I, length
63 mm, weight 10 g, 36-month battery life) in May 2011. Largemouth Bass were collected by
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electrofishing multiple areas of the reservoir. To reduce the likelihood of tag related behavioral
changes or mortality, only fish ≥300 mm total length (TL) were selected for the study to keep
transmitter mass low relative to body mass (transmitter weight <3% body weight). Ultrasonic
transmitters were used instead of radio transmitters because Cerrillos Reservoir is exceptionally
deep and radio signals attenuate with depth (Winter 1983). Prior to surgery, fish were
anesthetized in an aerated water bath dosed with buffered tricane methanesulfonate (MS-222; 80
mg/L, Argent Labs) until loss of equilibrium. Fish were transferred to a surgery trough with gills
submerged in aerated water with a maintenance dose (40 mg/L) of MS-222. Tags were rinsed
with betadine prior to insertion into the ventral cavity via a small incision posterior to the pelvic
fins. Two to three cross sutures with polyglycolic absorbable sutures (2-0, sterile, Safil, Braun,
Loveland, CO) closed the incision. Following surgery, fish were held in a holding cage in
freshwater and observed for several hours before being released.
To allow fish to reintegrate into the population and reduce any behavioral effects
associated with surgeries, bi-monthly tracking events began one month after release. Before
tracking events began, I designated 35 “stop locations,” beginning at the dam (site #1) and
ending in the river (site #35), to be used for telemetry surveys to ensure that the entire reservoir
was surveyed. During tracking events, a handheld GPS was used to navigate to stop locations.
At each location, a directional hydrophone attached to PVC pipe was lowered into the water and
rotated 360 degrees for each frequency. If a tag was detected, individual locations were
determined by moving toward the signal with the hydrophone in the water until the direction to
tag was reversed or the fish swam away. Fish locations were marked during each tracking event
using a handheld GPS unit and also marked on a detailed reservoir map. Location description
(open water, right shore, or left shore), depth (m), and distance from shore (<5 m, 5-10 m, or >10
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m) were also estimated and recorded for each tag detection. During each tracking event,
temperature was measured using a water quality probe (YSI Inc./Xylem Inc.) for the upper 5 m
of the water column. Temperatures collected in the same month were averaged to estimate a
mean monthly temperature to be used in future bioenergetics modeling.
Following the methods of Hightower et al. (2001) and Waters et al. (2005), if an
individual fish was repeatedly located in the same position and did not move when approached, I
assumed that the individual had died of natural causes, although I could not rule out catch-andrelease delayed mortality or shed tags. Transmitters that were not located during several
consecutive tracking attempts were considered to have disappeared due to one of three causes:
(1) unreported angler harvest, (2) transmitter failure, or (3) removal from the lake by predators.
Waters et al. (1999) found that avian predation could account for some lost transmitters;
however, unreported harvest was the primary reason for disappearance. Regardless of
designated mortality status, I attempted to locate all tagged fish and recorded their location (if
located) during each tracking event. To confirm that migration out of the reservoir (up the river
or downstream below dam) did not occur, I conducted telemetry sampling up to 1.6 km above
the river mouth and below the dam while the reservoir was at normal pool (174.7 m above
NGVD). No Largemouth Bass were found in either location.
Mortality estimates in this chapter are from the first year of tracking (June 2011-June
2012). Annual instantaneous mortality rate (Z) was estimated using

𝑍 = −𝑙𝑜𝑔𝑒 (1 − 𝐴)

where A is the annual interval mortality rate for tagged Largemouth Bass calculated as
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(3.1)

𝐴 = ([𝑁𝑡 − 𝑁𝑡−1 ]/𝐼𝑡 )/𝑁𝑡

(3.2)

where Nt is the number of individuals present in the population at the start of an interval of
length It and Nt+1 is the number of individuals that survive to the end of the interval (Guy and
Brown 2007). Interval fishing (µ, hereafter exploitation) and natural (v) mortality rates were
estimated with the same equation as annual interval mortality rate using estimated counts of
harvest and natural mortality from the telemetry sampling. To determine the accuracy of my
exploitation (), I estimated exploitation using creel data recorded by DNER biologists at the
reservoir for the year of 2011. To estimate exploitation from the access point creel survey, I
counted the number of Largemouth Bass harvested on the survey days. Then I estimated daily
harvest rates as the number of Largemouth Bass harvest divided by survey days. I calculated the
percent of the year surveyed and then estimated annual harvest by multiplying total Largemouth
bass harvested by percent of year surveyed. Finally, I divided the annual harvest estimate by the
estimated population abundance for that year. Data and step-by-step calculations can be found in
Appendix 1. Instantaneous fishing (F) and natural (M) mortality rates were estimated based on
their relationship to interval mortality rates (Guy and Brown 2007) using

𝐹 = 𝜇 𝑍⁄𝐴

(3.3)

𝑀 = 𝑣 𝑍⁄𝐴

(3.4)

for instantaneous fishing mortality and

for instantaneous natural mortality where Z is the annual instantaneous mortality rate (equation
3.1) and A is the annual interval mortality rate (equation 3.2).
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3.3.2

Estimation of Predicted Growth
To estimate Largemouth Bass growth rates (in length and weight) prior to removals, I

tagged a target sample size of 1,000 Largemouth Bass ≥150 mm TL (Table 3.1) with
individually numbered T-bar tags (50 mm TL, Hallprint Manufacturing, Australia; Figure 3.2) in
January 2012. Fish were captured using boat-mounted (Burkhardt and Gutreuter 1995)
electrofishing, measured (mm), weighed (g), and tags were inserted by anchoring in the
pterygiophores of the soft dorsal fin, via the dorsal body wall on the left side. A hole punch was
used to mark the second dorsal fin (Figure 3.2) and used to estimate tag loss. Tagged fish were
encountered during electrofishing sampling efforts the following March and April. Total length
(mm), weight (g), and tag number were recorded for each tagged bass encountered.
I applied the Fabens (1965) modification to the von Bertalanffy (1938) equation for
modeling fish growth to estimate Largemouth Bass growth. The von Bertalanffy model has
become a standard among fisheries scientists to model fish growth in length and weight
(Scholten and Bettoli 2005; Isely and Grabowski; 2007; Quist et al. 2012). The original von
Bertalanffy model is represented as

𝐿𝑡 = 𝐿∞ (1 − 𝑒 −𝐾(𝑡−𝑡0 ) )

(3.5)

where Lt is length at time t, L∞ is the asymptotic mean length, K is a growth coefficient, and t0 is
a time coefficient at which length would theoretically be zero. When fitting the model, the
parameters L∞, t0, and K can be estimated using nonlinear regression methods in statistical
software (SAS or R). The von Bertalanffy model can be used to compare growth among and
within populations and is typically applied to populations where ages of individuals are known,
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have been determined using hard structures or estimated using back-calculation or length
frequency methods (Isely and Grabowski 2007). However, Largemouth Bass in Puerto Rico
reservoirs cannot be aged using hard structures (Neal et al. 1997), and there were no known age
bass in Cerrillos Reservoir to use for back-calculation or length-frequency methods.
Fabens (1965) developed a modification for the von Bertalanffy model that is useful
when age of individuals cannot be determined, but some form of marking or tagging has been
used to estimate growth. The Fabens modification uses mark-recapture data where the size of
the fish is measured at marking and at recapture, and time at large is known. The model is
represented as

𝑅𝑖 = 𝑀𝑖 + (𝐿∞ − 𝑀𝑖 ) × (1 − 𝑒 −𝐾∆𝑡𝑖 )

(3.6)

where Ri is the length at recapture of the ith individual, Mi is the length at marking of the ith
individual, L∞ is the asymptotic length, K is the growth coefficient, and Δti is the time at large in
years. Since the standard von Bertalanffy model is based on age in years, time at large for the
Fabens model also needs to be presented in years. Weight and W∞ can be substituted for length
in the model and the model will maintain the same form, but the parameter values will change
(Isely and Grabowski 2007). Parameters (L∞, W∞, and K) for this model can be estimated using
nonlinear regression methods like the von Bertalanffy model.
To estimate the input parameters for my model, I calculated the mean total length (mm)
and weight (g) for the five largest fish encountered during annual population assessment
sampling in 2012. For initial values in the model, I used the mean total length as L∞, mean
weight as W∞, and set a range for K = 0.1 to 0.4 by 0.05 (Table 3.2). For most Largemouth Bass
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populations, K ranges from 0.2 to 0.4 (Helser and Lai 2004), so by setting the range for K, it
allows the nonlinear fit program to determine the coefficient that best fits the data. The model
was fitted to the 2012 (pre-removal) tag-recapture data using the least squares objective in
nonlinear regression methods in SAS (PROC NLIN, SAS Institute 2013). The estimated output
parameters (Table 3.2) were then used to build the Fabens model equations to estimate growth in
length as

𝑅𝑖 = 𝑀𝑖 + (373.8 − 𝑀𝑖 ) × (1 − 𝑒 −1.1034∆𝑡𝑖 )

(3.7)

and to estimate growth in weight as

𝑅𝑖 = 𝑀𝑖 + (680.1 − 𝑀𝑖 ) × (1 − 𝑒 −0.3376∆𝑡𝑖 ).

(3.8)

Length or weight and time at large data for tagged-recaptured bass were input into
equations 3.7 and 3.8 to estimate length and weight at time of recapture. Model-predicted daily
growth rate in length (DGRLm) was estimated using

𝐷𝐺𝑅𝐿𝑚 = ((𝑃𝑅𝑇𝐿 − 𝑂𝑇𝐿)⁄𝑌𝐴𝐿)/365,

(3.9)

where OTL is the total length when tagged, PRTL is the model-predicted total length at recapture
and YAL is years at large since tagging. Model-predicted daily growth in weight (DGRWm) was
estimated as
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𝐷𝐺𝑅𝑊𝑚 = ((𝑃𝑅𝑊𝑇 − 𝑂𝑊𝑇)/𝑌𝐴𝐿)/365

(3.10)

where OWT is the total weight when tagged, PRWT is the model-predicted weight at recapture
and YAL is years at large since tagging. Because the model uses years for time at large, the
growth rate has to be divided by 365 to get an estimate of daily growth. Growth rates were
estimated for fish recaptured with ≤0.304 YAL (≤111 DAL). I elected to only use fish in this
111-day window because recapture rates of tagged fish were greatest in the few months
immediately following tagging during our population estimate sampling in March and April.
To evaluate if the Fabens model accurately estimated growth for Largemouth Bass in
Cerrillos Reservoir, I compared the model-predicted length-weight data to observed lengthweight data of recaptured fish. I estimated observed daily growth in length (DGRLo) as

𝐷𝐺𝑅𝐿𝑜 = (𝑅𝑇𝐿 − 𝑂𝑇𝐿)/𝐷𝐴𝐿

(3.11)

where OTL is total length at tagging, RTL is total length at recapture, and DAL is days at large
since tagging. Observed daily growth in weight (DGRWo) was estimated using

𝐷𝐺𝑅𝑊𝑜 = (𝑅𝑊𝑇 − 𝑂𝑊𝑇)/𝐷𝐴𝐿

(3.12)

where OWT is weight at tagging, RWT is weight at recapture, and DAL is days at large
since tagging. I plotted the log-transformed the model-predicted and observed length-weight
data for all recaptured fish in 2012 and used linear regression analysis to estimate the lengthweight relationship slope and intercept (PROC REG, SAS Institute 2013). Then, I compared the
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slopes of the regression lines using analysis of covariance (ANCOVA; PROC GLM, SAS
Institute 2013). Trendlines for linearized length-weight relationships are linear calculated as

𝑦 = 𝑏𝑥 + 𝑎

(3.13)

where b is the slope of the line a is the y-intercept, and x is total length (mm). These were fit to
linearized length-weight data using the least squares objective (LINEST) in the SOLVER add-on
in Microsoft Excel.
3.3.3

Bioenergetics Modeling
Physiological parameters developed by Rice et al. (1983) for Largemouth Bass have been

extensively used to model this species (Rice and Cochran 1984; Perry et al. 1995; Neal and
Noble 2006; Whitledge and Hayward 1997). I used these physiological parameters in Fish
Bioenergetics 4.0 software (Deslauriers et al. 2017) to simulate Largemouth Bass consumption
and growth in Cerrillos Reservoir. Specifically, I estimated the proportional reduction of the
Largemouth Bass population required to achieve detectable change in condition and growth.
This exercise was composed of three steps summarized below. Specific methods for each step
are presented in subsequent sections.
1. Predicted Growth Model: Using empirical diet composition data (Section 3.3.3.1) and
observed growth rates from 2012 described above, I fit the model to end weight to
predict prey consumption.
2. Removal Consumption Table: Using a series of hypothetical population reduction
levels (i.e., adult bass removals) and assuming all prey released by removed fish
(from the Predicted Growth Model) would be available to be consumed by remaining
fish, I predicted the increase in prey consumption by remaining fish.
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3. Removal Prediction Model: Finally, I used the estimates of increased consumption for
each hypothetical population reduction provided by the Removal Consumption Table
to predict change in annual growth rate by fitting the bioenergetics model to
consumption. This provided a prediction plot that could be used to determine the
level of population reduction required to achieve a target growth rate.
3.3.3.1

Predicted Growth Model
To determine prey energy intake for the model, Largemouth Bass were collected

quarterly (January, April, July, and October 2012) by electrofishing six sites throughout the
reservoir. Each site was divided into two transects (North and South). I selected one transect
from each site to be sampled during the day (0900-1500 hours) and the second transect was
sampled during the night (2100-0300 hours). Each transect was electrofished for 900 seconds of
pedal-down time with a target output power of 3,000 watts. Weights (g) and lengths (mm, TL)
of Largemouth Bass ≥150 mm TL were measured and recorded. Stomach contents were removed
using a wetted acrylic tube (Van Den Avyle and Roussel 1980), placed in a labeled Whirlpak®
bag with 70% alcohol and kept on ice for later laboratory examination. These fish were released
alive. All Largemouth Bass <150 mm were retained in labeled Ziploc® bags for laboratory
processing. Stomach contents were examined and all items were identified to the lowest feasible
taxonomic level and weighed to the nearest 0.01 g (wet weight). Percent diet composition was
calculated as total weight of specific prey type divided by the total weight of all prey types found
in bass stomachs collected in that sampling season.
Seasonal prey composition and associated energy densities from the literature (Neal and
Noble 2006), annual temperature regimes, and observed growth rates from above were used to
estimate consumption based on observed growth of Largemouth Bass from Cerrillos Reservoir
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(fit-to-end-weight). The majority of Largemouth Bass in Cerrillos Reservoir are crowded in the
stock (200-299 mm TL) and quality (300-380 mm TL) size classes. Thus, I modeled
consumption using these two size classes.
First, I calculated daily growth for each recaptured stock- and quality-size fish for the
111-day period using the lengths and weights predicted by the Fabens model (Equations 3.9 and
3.10). Then, I multiplied that growth rate by 365 days to estimate annual growth (g). Next, I
divided the annual growth by the total length of the fish when tagged to get growth in grams per
millimeter per day (g/mm/d). Then I multiplied the g/mm/d by the weight of the fish when
tagged to estimate annual weight gained (g). Next, I added the grams of annual weight gained to
the weight when tagged to get end weight (g). Then, I used the begin and end weights of each
recaptured stock- and quality-size fish estimate individual annual consumption using the Fish
Bioenergetics 4.0 software (Deslauriers et al. 2017). Finally, I estimated mean (±SE) values for
all the aforementioned variables for stock- and quality-size Largemouth Bass to run the
bioenergetics model without modification to estimate annual consumption (365-day run time;
Predicted Growth Model; Table 3.3).
3.3.3.2

Removal Consumption Table
I made the assumptions that 1) new adult mortality, particularly in the form of

experimental harvest, would be additive, 2) no new recruitment occurred as a result of the
removals, and 3) prey availability is the sole limiting factor to Largemouth Bass growth and,
thus, all prey consumed during the observed growth model would become available for
consumption by remaining fish if predator population size is reduced. Under these assumptions,
I estimated the increase in prey consumption to remaining individuals at 1) varying levels of
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population reduction and 2) varying consumption success of prey released by removed fish
(Tables 3.6 and 3.7).
Consumption estimates from the original Predicted Growth Model and the observed
population structure and biomass were used to develop the Removal Consumption Table. I
calculated the number of stock- and quality-size fish that would be removed at population
reductions of 5, 10, 15, 20, 25, and 30%. Next, I estimated the annual amount of prey (kg) freed
up by the removals by multiplying the number in each size class removed by their respective
consumption estimates. These estimates were divided by the number of individuals remaining in
each size class to determine the additional prey available to each fish. Finally, because prey
availability does not necessarily equate to consumption, I adjusted the consumption estimates by
varying consumption success rates at 25% intervals (25, 50, 75, and 100%). For the Removal
Consumption Table, I added the additional grams of freed up prey consumed to the consumption
estimate from the Observed Growth Model for each size class, providing new consumption
estimates for each removal rate and consumption success (Tables 3.6 and 3.7).
3.3.3.3

Removal Prediction Model
By combining the Predicted Growth Model and the data from the Removal Consumption

Table, I used the bioenergetics model to estimate new end weights for the remaining stock-size
(Figure 3.3) and quality-size (Figure 3.4) Largemouth Bass in Cerrillos Reservoir over a range of
Largemouth Bass population reductions and rates of consumption success. Inputs for the model
can be found in Table 3.8. For each reduction and consumption percentile, I ran the model using
the “fit to consumption” procedure with a run time of 365 days to estimate new end weights.
Finally, to estimate the new daily growth rate in weight, I subtracted the observed end weight
from the new end weight and divided by 365 days.
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3.4
3.4.1

Results
Mortality Vectors
The 100 adult Largemouth Bass that were tagged ranged from 304 to 574 mm TL (mean

= 391 mm, SD = 45) and 344 to 2,622 g (mean = 743 g, SD = 350). Six fish were never located
during the study and five fish never moved from the location where they were first recorded
(three in open water, two ≤10 m from shore). These eleven fish were excluded from analyses.
Of the 89 remaining tagged fish, 46 were determined to have died during the first year of
tracking. Eight of those mortalities were labeled as angler harvest with two tags being returned
by anglers (#2 returned 17 Dec 2011, #105 returned 04 Feb 2012). The other 38 were listed as
natural mortalities because the tags did not move over multiple consecutive tracking events.
Total annual interval mortality rate (A) for the first year was 0.52 with exploitation (µ)
and natural (v) mortalities estimated as 0.09 and 0.43, respectively. My estimate of  was very
close to the estimate using creel data (0.09). Total instantaneous mortality rate (Z) was 0.73 with
instantaneous fishing (F) and natural (M) mortality rates being 0.13 and 0.60, respectively.
3.4.2

Predicted Growth
Non-linear regression output values for the Fabens model were L∞ (±SE) = 373.8 (± 4.9),

K (±SE) = 1.1034 (±0.06) for length and W∞ (±SE) = 680.7 (±69.0), K (±SE) = 0.3376 (±0.06)
for weight (Table 3.2). These values are similar to those reported by Ozen and Noble (2000) for
Largemouth Bass in Lucchetti Reservoir, Puerto Rico. The length-weight relationship for stockand quality-size Largemouth Bass was significant for Fabens-predicted (R2 = 0.98, P < 0.0001)
and observed (R2 = 0.94, P < 0.0001) length-weight data (Table 3.4). Analysis of covariance
determined that the slopes of the length-weight regressions were different (F(3,113) = 9.04, P =
0.003), suggesting that the Fabens model slope differed from the observed data. However, visual
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examination of the plot (Figure 3.5) of the log-transformed model-predicted and observed
length-weight data suggests the Fabens model adequately approximates growth of the population
from a biological perspective. One drawback to the Fabens model is that it under predicts
growth of larger (preferred+) size classes of fish. This resulted in negative or zero change in
length and loss of weight for larger (preferred+) fish. Stock-size (200-299 mm TL) Largemouth
Bass in Cerrillos Reservoir had a Fabens model-predicted mean (±SE) daily growth in weight of
0.43 (± 0.01) g/day (Table 3.3 and 3.5). This equated to an annual weight gain of 118 (±SE 2) g
(Table 3.3). Quality-size (300-380 mm TL) fish had a Fabens model-predicted mean (±SE) daily
growth in weight of 0.23 (± 0.01) g/day (Table 3.3 and 3.5) leading to 99 (± 4.6) g of weight
gained annually (Table 3.3).
3.4.3

Bioenergetics Modeling
Prey availability and consumption varied seasonally, but Threadfin Shad were

consistently found in the diet of Largemouth Bass year-round (Table 3.9), suggesting they are the
most important prey species. Tilapia and sunfish species made up the other major portions of the
Largemouth Bass diet (Table 3.9). Estimated total annual consumption (± SE) by individual
stock- and quality-size Largemouth Bass in Cerrillos Reservoir was 1,432 (± 42) and 2,024 (±
28) g of prey, respectively (Table 3.3). The population estimate from 2012 (N = 9,636; Neal et
al. 2012) found that 89% of the population was stock- and quality-size fish, meaning that fish in
those two size classes (4,606 stock- and 4,018 quality-size fish) consume almost 33,000 kg of
prey annually.
Based on simulated population reductions and a range of consumption efficiencies, prey
were redistributed among remaining fish (Table 3.6 for stock-size fish and Table 3.7 for qualitysize fish). For stock-size fish, new consumption estimates ranged from 1,445 g of prey with a
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5% biomass reduction and 25% consumption efficiency to 1,854 g with a 30% biomass reduction
with 100% of released prey being consumed. For quality-size Largemouth Bass, consumption
estimates ranged from 2,056 g to 3,079 g of prey under the same scenarios.
Increased consumption resulted in proportional increases in end weight and,
consequently, growth rate. For stock-size Largemouth Bass, the model determined a potential
increase (± SE) of approximately 0.4 (± 0.02) g/d with a 30% biomass reduction with 100% prey
utilization. This would be equivalent to an additional 107 g of growth in one year. For qualitysize fish, similar removals and success yielded over 1.3 (± 0.03) g/d of additional growth.
3.5

Discussion
The theoretical modeling approach presented here demonstrates the potential for

increasing Largemouth Bass growth (in length and weight) via reduction in competition for prey
resources. By reducing the biomass of Largemouth Bass in Cerrillos Reservoir and vis-à-vis the
number of competing predators, prey that would have been consumed by the removed
Largemouth Bass would become available as prey to the fish that remain. An increase in
consumption would increase energy resources available to physiological function, reproduction,
and/or growth. Consequently, as an increasing proportion of biomass is removed and more and
more prey are released to fish that remain, condition and growth should respond.
This concept is not new to fisheries management as harvest has been a traditional tool for
manipulating abundance, growth and size structure. The most common application of this
concept is the management of bass-bluegill populations in small ponds, originally developed by
Swingle (1950). His goal was to develop harvest strategies that would maintain balance between
predators (Largemouth Bass) and prey (Bluegill) while still providing harvestable-sized fish
every year. Since then, fisheries biologists and managers have developed a suite of harvest
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strategies and accompanying biological indices to create or alter a desired fishery. Although
Swingle’s (1950) methods were developed on and are primarily applied to small ponds, the
general concept of using harvest as a management tool has been applied to water bodies of all
sizes.
Length limits have been used to manage predatory species populations by altering the
size structure to produce desired results (e.g., protect spawning adults, reduce number of recruits,
or improve size structure; Hunt 1974; Gabelhouse 1987; Austen and Orth 1988). When harvest
regulations fail to produce desired outcomes via angling, conducting management harvest by
mechanical removal has been used to reduce predator stunting (Willis 2010), reduce predator
abundance and improve size structure and growth (Hanson et al. 1983; Gabelhouse 1987), and to
increase abundance and community diversity (McHugh 1990). However, fish control projects
can be time consuming, expensive and are often unsuccessful (Meronek et al. 1996). Thus,
computer simulation models have been developed and used as a tool to help fisheries scientists
and managers address a myriad of fishery management questions (Johnson 1995). In my study,
the modeling approach suggests that targeted removals can improve population metrics, with
greater benefits realized with greater population reduction.
Inherently, models of any kind are simplifications of reality; however, bioenergetics
models have been widely applied to fisheries populations including Largemouth Bass (Perry et
al. 1995), Sockeye Salmon Oncorhynchus nerka (Brett 1986), Walleye (Kitchell et al. 1977), and
Lake Trout Salvelinus namaycush (Stewart et al. 1983) and extensively corroborated within the
species’ native range (Rice and Cochran 1984; Beauchamp et al. 1989; Hartman and Margraf
1992; Madenjian and O’Connor 1999). Their accuracy in predicting growth from consumption
or consumption from growth of an individual or population has been verified with empirical
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approaches (Whitledge and Hayward 1997). Bioenergetics models have served as tools in
fisheries management for decades and have been used to assess predator consumption and
predict predator growth (Stewart et al. 1981; Stewart and Ibarra 1991; Raborn et al. 2002),
determine prey demand by and competition between predators (Ney 1990; Raborn et al. 2007),
and for making decisions on stocking and harvest regulations (Carline et al. 1984; Hewett and
Johnson 1987, 1992).
It is unclear, however, if these models are valid when the species of interest is outside its
native range and physiological norms, as is the case for temperate Largemouth Bass in tropical
reservoirs (Neal and Noble 2006). In theory, this bioenergetics model would not be applicable to
Largemouth Bass in tropical systems because the environment, growing season, and reproductive
season are so different. Puerto Rico does not experience a cold, slow growing winter season like
that of temperate regions and the spawning and growing seasons are much longer in Puerto Rico
than in temperate climates. However, temperatures in Cerrillos Reservoir ranged from 25°C to
29°C, which is well within the normal range for Largemouth Bass. Additionally, using validity
justifications from Rice and Cochran (1984) and Whitledge and Hayward (1997), Neal and
Noble (2006) used this model to compare observed and predicted growth for Largemouth Bass in
Lucchetti Reservoir, Puerto Rico. Therefore, I feel it is acceptable to use this model to estimate
consumption and growth for Largemouth Bass in Cerrillos Reservoir.
As with all models, bioenergetics models contain assumptions that must be made because
every variable cannot be measured, especially in field settings. My model assumed that
mortality (in the form of removals) would be additive to natural and exploitation mortality rates.
The effects of higher harvest or mechanical removals on fish mortality is variable across species.
A review of prominent sportfish mortality estimates by Allen et al. (1998) found that mortality
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for Northern Pike was compensatory for fish smaller than 400 mm TL, but additive for larger
fish. For Largemouth Bass, they found that as annual exploitation increased, total annual
mortality increased, suggesting additive mortality. However, if my assumption is not met and
the mortality of removals is not additive, then both the model predictions and observed effects
would be lower.
It also assumed no change in recruitment following population reduction. Although this
assumption was necessary, it is likely false. Many studies have shown recruitment to increase
when population size decreases. For example, abundance of small (<200 mm) Smallmouth Bass
Micropterus dolomieu increased despite seven years of intense mechanical harvest (Weidel et al.
2007). Lake Trout abundance in Yellowstone Lake increased following over a decade of intense
harvest practices (Syslo et al. 2011). Common Carp Cyprinus carpio biomass (Colvin et al.
2012) and population abundance, recruitment, and growth (Weber et al. 2016) increased and
remained stable, respectively, despite multiple years of intense removal efforts. In all of the
above-mentioned fish control projects, the authors concluded that removal efforts were not
successful due to the effects of a compensatory mechanism (i.e., recruitment or mortality).
However, the timing of population reduction could be used to lessen recruitment (e.g., fall
biomass reduction once the year-class has been set; Neal et al. 2002) or this approach could be
combined with efforts to limit recruitment, such as post-spawn shoreline rotenone applications
(Havens et al. 2005; Ozen and Noble 2005; Coleman 2019).
Finally, the model assumed that removal of an individual will release prey it would have
consumed, and these prey would be immediately available to remaining fish. But the fate of
those prey is unknown. To overcome this, I modeled a range of prey consumptions that would
possibly encompass the true rate of consumption by remaining Largemouth Bass. This provided
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a series of growth response curves presented in Figures 3.2 and 3.3. In order to determine which
curve most accurately reflects both prey susceptibility and Largemouth Bass response, these
theoretical models must be corroborated using empirical data. In the next chapter, I present an
experimental removal of crowded Largemouth Bass to test the model’s prediction of Largemouth
Bass growth at a 20% biomass reduction.
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Table 3.1

Numbers of tagged Largemouth Bass January 2012.

Year
2012
105
387
459
41
5
0
Total
997b
Numbers of Largemouth Bass in each length category tagged with T-bar tags in January 2012.
a
Length classes for Largemouth Bass from Gabelhouse (1984).
b
Total less than 1,000 due to lost or broken tags incurred during tagging procedures.
Length Category (mm)a
Substock (150-199)
Stock (200-299)
Quality (300-379)
Preferred (380-509)
Memorable (510-629)
Trophy (≥630)

Table 3.2

Input and output parameters for the Fabens model.
Parameters

Output
L∞
373.8 (4.9)
K
1.1034 (0.06)
W∞
680.7 (69.0)
K
0.3376 (0.06)
Input and output parameters for the Fabens (1965) growth model.
Standard errors are given in parentheses.
L∞
W∞
K

Input
555
2208
0.1 to 0.4 by 0.05
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Table 3.3

Predicted Growth Model data for 2012.

Average
Average
Average
Average
Annual
Annual
Average
Average
DGRWm
Annual
Average
Weight
Average End
Consumption
TL (mm) BWT (g)
(g/d)
Growth (g)
g/mm/d
Gained (g)
Weight (g)
(g)
251(5)
200(11)
0.43(0.01)
157(3.7)
0.64(0.03)
118(2.1)
318(13)
1,432(42)
334(4)
448(16)
0.23(0.01)
82(5.2)
0.25(0.2)
99(4.6)
527(11)
2,024(28)
Mean (±SE) length, weight, growth and consumption data for stock- and quality-size Largemouth Bass from 2012 taggedrecaptured fish used to develop Predicted Growth Model.
TL = total length, BWT = begin weight, DGRWm = daily growth rate for weight, g/d = grams per day, g/mm/d = grams per
millimeter per day.
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Table 3.4

Linearized length-weight relationships.

Model

Linear Equation

SD of m

SD of b

R2

P

𝑊𝑡 = 2.8631(𝑇𝐿) − 4.6123

0.077

0.19

0.94

<0.0001

𝑊𝑡 = 3.1755(𝑇𝐿) − 5.3965

0.049

0.12

0.98

<0.0001

Observed
Fabens
Predicted

Linear relationships of length-weight relationships of observed and predicted growth of taggedrecaptured Largemouth Bass in Cerrillos Reservoir 2012. SD = standard deviation.

Table 3.5

Model-predicted growth rates in weight.

Length Group
n
Min DGRW
Max DGRW
Mean (SE)
200-299
34
0.33
0.52
0.43 (0.01)
300-379
31
0.06
0.34
0.23 (0.01)
111-day growth rates in weight of Largemouth Bass in Cerrillos Reservoir 2012.
n = number of fish in sample, DGRWm = daily growth rate in weight, SE = standard error.

Table 3.6

Removal Consumption Table for stock-size Largemouth Bass.

Consumption Success
Percent Removed
25
50
75
100
5
1,445.4
1,458.4
1,471.3
1,484.3
10
1,459.8
1,487.2
1,514.5
1,541.8
15
1,475.9
1,519.3
1,562.7
1,606.1
20
1,494.0
1,555.5
1,617.0
1,678.5
25
1,514.5
1,596.5
1,678.5
1,760.5
30
1,537.9
1,643.3
1,748.8
1,854.2
Estimated annual consumption of stock-size Largemouth Bass in Cerrillos Reservoir at varying
levels of Largemouth Bass population reduction and a range of consumption success of released
prey.
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Table 3.7

Removal Consumption Table for quality-size Largemouth Bass.

Consumption Success
Percent Removed
25
50
75
100
5
2,056.0
2,088.4
2,120.9
2,153.3
10
2,092.0
2,160.5
2,228.9
2,297.3
15
2,132.3
2,240.9
2,349.6
2,458.2
20
2,177.6
2,331.5
2,485.4
2,639.3
25
2,228.9
2,434.1
2,639.3
2,844.5
30
2,287.5
2,551.4
2,815.2
3,079.1
Estimated annual consumption of quality-size Largemouth Bass in Cerrillos Reservoir at varying
levels of Largemouth Bass population reduction and a range of consumption success of released
prey.
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Table 3.8

Bioenergetics model input values.
Input Values
150
180
210
240
27.79 28.12 28.54 28.23

Day
1
30
90
120
270
300
330
360
365
Temperature
25.04 25.64 25.91 27.48
27.94 27.36 26.91 25.04 25.04
Predator
Energy
4,500
4,500
Prey energy
TFS
4,909.4
3,539.9
3,539.9
4,909.4
TIL
4,320.8
4,320.8
3,820
3,820
LEP
5,211.3
5,211.3
5,211.3
5,211.3
Other
4,500
4,500
4,500
4,500
Inverts
917
917
917
917
Diet
Proportions
TFS
0.59
0.51
0.23
0.60
TIL
0.30
0.23
0.56
0.26
LEP
0.02
0.19
0.10
0.05
Other
0.05
0.04
0.09
0.08
Inverts
0.04
0.03
0.02
0.01
Bioenergetics model input values for Fish Bioenergetics 4.0 software (Deslauriers et al. 2017). Predator energy (Joules/gram) and day
(day of year) were provided by the software. Temperature (°C), was measured during sampling events June 2011-May 2012. Prey
energy (Joules/gram) were taken from Neal and Noble (2006). Diet proportions of prey (grams, wet weight) were estimated from
quarterly diet composition analysis Largemouth Bass in Cerrillos Reservoir January, April, July, and October 2012. TFS = Threadfin
Shad Dorosoma petenense, TIL = Tilapia Coptodon and Oreochromis spp., LEP = Lepomis spp. (sunfish), Other = unidentifiable
organic tissue, and Inverts = Invertebrates.
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Table 3.9

Seasonal diet composition of Largemouth Bass.

Season
TFS
TIL
LEP
Other
Inverts
Winter
0.59
0.30
0.02
0.05
0.04
Spring
0.51
0.23
0.19
0.04
0.03
Summer
0.23
0.56
0.10
0.09
0.02
Fall
0.60
0.26
0.05
0.08
0.01
Species-specific proportions of seasonal diet composition of Largemouth Bass in Cerrillos
Reservoir January, April, July, and October 2012. TFS = Threadfin Shad Dorosoma petenense,
TIL = Tilapia Coptodon and Oreochromis spp., LEP = Lepomis spp. (sunfish), and Other =
unidentifiable organic tissue, and Inverts = Invertebrates.
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Figure 3.1

Map of Puerto Rico and Cerrillos Reservoir.

Enlarged (top) image is Cerrillos Reservoir, an impoundment of the Cerrillos River. The
Department of Natural and Environmental Resources (DNER) boat ramp and management
station are marked by the filled circle (●).
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Figure 3.2

Externally tagged Largemouth Bass.

Largemouth Bass tagged with external T-bar tag in Cerrillos Reservoir, Puerto Rico, January
2012. Hole punch in second dorsal fin was used to estimate tag loss.

64

Figure 3.3

Predicted end weights and increase in daily growth rate (stock).

Predicted end weights (bars) and increase in daily growth rate (lines) for stock-size Largemouth
Bass in Cerrillos Reservoir at various levels of consumption and population reduction. Black bar
= 100% prey consumption, light grey bar = 75% prey consumption, dark grey bar = 50% prey
consumption, and white bar = 25% prey consumption. Line with black square marker = 100%
prey consumption, line with light grey diamond marker = 75% prey consumption, line with dark
grey circle marker = 50% prey consumption, line with white triangle marker = 25% prey
consumption.
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Figure 3.4

Predicted end weights and increase in daily growth rate (quality).

Predicted end weights (bars) and increase in daily growth rate (lines) for quality-size
Largemouth Bass in Cerrillos Reservoir at various levels of consumption and population
reduction. Black bar = 100% prey consumption, light grey bar = 75% prey consumption, dark
grey bar = 50% prey consumption, and white bar = 25% prey consumption. Line with black
square marker = 100% prey consumption, line with light grey diamond marker = 75% prey
consumption, line with dark grey circle marker = 50% prey consumption, line with white triangle
marker = 25% prey consumption.
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Figure 3.5

Length-weight regressions for tagged-recaptured Largemouth Bass.

Observed (open squares) and Fabens model predicted (open circles) length-weight relationships
for Cerrillos Reservoir Largemouth Bass from tagged-recapture data, 2012.
Trendlines for linearized length-weight relationships are linear and calculated as:
Observed equation: 𝑙𝑜𝑔𝑊𝑡 = 2.8631[±0.077](𝑙𝑜𝑔𝑇𝐿) − 4.6123[±0.19], R2 = 0.94, and
Fabens predicted equation: 𝑙𝑜𝑔𝑊𝑡 = 3.1755[±0.049](𝑙𝑜𝑔𝑇𝐿) − 5.3965[±0.12], R2 = 0.98.
Numbers in brackets of equations are one standard deviation of the parameter estimate.

67

3.6

References

Aday, D. D. and B. D. S. Graeb. 2012. Stunted fish in small impoundments: an overview and
management perspective. Pages 215-234 in J. W. Neal and D. W. Willis, editors. Small
impoundment management in North America. American Fisheries Society, Bethesda,
Maryland.
Allen, M. S., L. E. Miranda, and R. E. Brock. 1998. Implications of compensatory and additive
mortality to the management of selected sportfish populations. Lakes and Reservoirs:
science, policy, and management for sustainable use 3(1):67-79.
Anderson, R. O. and R. M. Neumann. 1996. Length, weight, and associated structural indices.
Pages 447-482 in B. R. Murphy and D. W. Willis, editors. Fisheries Techniques, 2nd
edition. American Fisheries Society, Bethesda, Maryland.
Austen, D. J. and D. J. Orth. 1988. Evaluation of a 305 mm minimum length limit for
Smallmouth Bass in the New River, Virginia and West Virginia. North American
Journal of Fisheries Management 8:231-239.
Beauchamp, D. A., D. J. Stewart, and G. L. Thomas. 1989. Corroboration of a bioenergetics
model for Sockeye Salmon. Transactions of the American Fisheries Society 118:597607.
Bonds, C. C., J. B. Taylor, and J. Leitz. 2008. Practices and perceptions of Texas anglers
regarding voluntary release of Largemouth Bass and slot length limits. Pages 219-230 in
M. S. Allen, S. M. Sammons, and M. J. Maceina, editors. Fourth reservoir symposium:
balancing fisheries management and water uses for impounded river systems. American
Fisheries Society, Bethesda, Maryland.
Brett, J. R. 1986. Production energetics of a population of Sockeye Salmon, Oncorhynchus
nerka. Canadian Journal of Zoology 65:555-564.
Brown, M. L., and B. R. Murphy. 1991. Standard weight (Ws) development for striped bass,
white bass, and hybrid striped bass. North American Journal of Fisheries Management
11:451-467.
Burkhardt, R. W., and S. Gutreuter. 1995. Improving electrofishing catch consistency by
standardizing power. North American Journal of Fisheries Management 15:375-381.
Carline, R. F., B. L. Johnson, and T. J. Hall. 1984. Estimation and interpretation of proportional
stock density for fish populations in Ohio Impoundments. North American Journal of
Fisheries Management 4:139-154.
Chapman, D. G. 1951. Some properties of the hypergeometric distribution with applications to
zoological sample censuses. University of California Publications in Statistics 1:131160.
68

Coleman, T. S. 2019. Evaluation of a shoreline rotenone application to control Largemouth Bass
Micropterus salmoides recruitment in small impoundments. Master’s Thesis, Auburn
University, Auburn, Alabama.
Colvin, M. E., C. L. Pierce, T. W. Stewart, and S. E. Grummer. 2012. Strategies to control a
Common Carp population by pulsed commercial harvest. North American Journal of
Fisheries Management 32:1251-1264.
Deslauriers, D., S. R. Chipps, J. E. Breck, J. A. Rice and C. P. Madenjian. 2017. Fish
bioenergetics 4.0: an R-based modeling application. Fisheries 42(11):586-596.
DiCenzo, V. J., M. J. Maceina and W. C. Reeves. 1995. Factors related to growth and condition
of the Alabama subspecies of Spotted Bass in reservoirs. North American Journal of
Fisheries Management 15:794-798.
Fabens, A. J. 1965. Properties and fitting of the von Bertalanffy growth curve. Growth 29:265289.
Fox, C. N. and J. W. Neal. 2011. Development of a crowded Largemouth Bass population in a
tropical reservoir. Proceedings of the Annual Conference Southeastern Association of
Fish and Wildlife Agencies 65:98-104.
Frazer, N. B., J. W. Gibbons, and J. L. Greene. 1990. Exploring Fabens’ growth interval model
with data on a long-lived vertebrate, Trachemys scripta (Reptilia: Testudinata). Copeia
1990(1): 112-118.
Gabelhouse, D. W., Jr. 1984. A length-categorization system to assess fish stocks. North
American Journal of Fisheries Management 4:273-285.
Gabelhouse, D. W., Jr. 1987. Responses of Largemouth Bass and Bluegills to removal of
surplus Largemouth Bass from a Kansas pond. North American Journal of Fisheries
Management 7(1):81-90.
Gabelhouse, D. W., Jr. 1991. Seasonal changes in body condition of white crappies and relations
to length and growth in Melvern Reservoir, Kansas. North American Journal of Fisheries
Management 7:81-90.
Gran, J. E. 1995. Gonad development and spawning of Largemouth Bass in a tropical reservoir.
Master’s thesis. North Carolina State University, Raleigh, North Carolina.
Gutreuter, S. and W. M. Childress. 1990. Evaluation of condition indices for estimation of
growth of Largemouth Bass and White Crappies. North American Journal of Fisheries
Management 10:434-441.
Guy, C. S. and M. L. Brown, editors. 2007. Analysis and interpretation of freshwater fisheries
data. American Fisheries Society, Bethesda, Maryland.
69

Guy, C. S. and D. W. Willis. 1995. Population characteristics of Black Crappies in South
Dakota wasters: A case for ecosystem-specific management. North American Journal of
Fisheries Management 15:754-765.
Hanson, D. A., B. J. Belonger, and D. L. Schoenike. 1983. Evaluation of a mechanical
population reduction of Black Crappie and Black Bullheads in a small Wisconsin lake.
North American Journal of Fisheries Management 3:41-47.
Hartman, K. J., and F. J. Margraf. 1992. Effects of prey and predator abundances on prey
consumption and growth of Walleyes in western Lake Erie. Transactions of the
American Fisheries Society 121:245-260.
Havens, K. E., D. D. Fox, S. Gornak, and C. Hanlon. 2005. Aquatic vegetation and Largemouth
Bass population responses to water-level variations in Lake Okeechobee, Florida (USA).
Hydrobiologia 539(1):225-237.
Helser, T. E., and H. L. Lai. 2004. A Bayesian hierarchical meta-analysis of fish growth: with an
example for North American Largemouth Bass, Micropterus salmoides. Ecological
Modeling 178:399-416.
Henson, J. C. 1991. Quantitative description and development of a species-specific growth form
for largemouth bass, with application to the relative weight index. Master’s thesis. Texas
A&M University, College Station, Texas.
Hewett, S. J., and B. L. Johnson. 1987. A generalized bioenergetics model of fish growth for
microcomputers. University of Wisconsin, Sea Grant Institute, Technical Report WISSG-87-245, Madison, Wisconsin.
Hewett, S. J., and B. L. Johnson. 1992. Fish bioenergetics model 2. University of Wisconsin,
Sea Grant Institute, Technical Report WIS-SG-92-250, Madison, Wisconsin.
Hightower, J. E., J. R. Jackson, and K. H. Pollock. 2001. Use of telemetry methods to estimate
natural and fishing mortality of striped bass in Lake Gaston, North Carolina.
Transactions of the American Fisheries Society 130:557-567.
Hunt, R. L. 1974. Annual production by Brook Trout in Lawrence Creek during eleven
successive years. Wisconsin Department of Natural Resources Technical Bulletin 82.
Isely, J. J. and T. B. Grabowski. 2007. Age and Growth. Pages 187-228 in C. S. Guy and M. L.
Brown, editors. Analysis and interpretation of freshwater fisheries data. American
Fisheries Society, Bethesda, Maryland.
Johnson, B. L. 1995. Applying computer simulation models as learning tools in fishery
management. North American Journal of Fisheries Management 15:736-747.

70

Kitchell, J. F., D. J. Stewart, and D Weininger. 1977. Applications of a bioenergetics model to
Yellow Perch (Perca flavescens) and Walleye (Stizostedion vitreum vitreum). Journal of
the Fisheries Research Board of Canada 34:1922-1935.
Madenjian, C. P., and D. V. O’Connor. 1999. Laboratory evaluation of a Lake Trout
bioenergetics model. Transactions of the American Fisheries Society 128:802-814.
McHugh, J. J. 1990. Responses of Bluegills and Crappies to reduced abundance of Largemouth
Bass in two Alabama impoundments. North American Journal of Fisheries Management
10:344-351.
Meronek, T. G., P. M. Bouchard, E. R. Buckner, T. M. Burri, K. K. Demmerly, D. C. Hatleli, R.
A. Klumb, S. H. Schmidt, and D. W. Coble. 1996. A review of fish control projects.
North American Journal of Fisheries Management 16:63-74.
Myers, R. A., J. Taylor, M. Allen, and T. Bonvechio. 2008. Temporal trends in voluntary release
of Largemouth Bass. North American Journal of Fisheries Management 28:428-433.
Neal, J. W., R. Kroger, C. G. Lilyestrom, M. Muñoz, M. Prchalova, N. Peterson, M. C. Lloyd, K.
Olivieri-Velázquez, and C. Fox. 2010. Freshwater sport fish management and
enhancement. SFR Project F-53R. Annual Report of Mississippi State University,
College of Forestry Resources, Department of Wildlife, Fisheries, and Aquaculture to
Puerto Rico Department of Natural and Environmental Resources, Bureau of Wildlife
and Fisheries, Division of Marine Resources, San Juan, Puerto Rico.
Neal, J. W., C. G. Lilyestrom, M. Muñoz, N. Peterson, M. C. Lloyd, K. Olivieri-Velázquez, and
C. Fox. 2012. Freshwater sport fish management and enhancement. SFR Project F-53R.
Annual Report of Mississippi State University, College of Forestry Resources,
Department of Wildlife, Fisheries, and Aquaculture to Puerto Rico Department of Natural
and Environmental Resources, Bureau of Wildlife and Fisheries, Division of Marine
Resources, San Juan, Puerto Rico.
Neal, J. W. and R. L. Noble. 2006. A bioenergetics-based approach to explain Largemouth Bass
size in tropical reservoirs. Transactions of the American Fisheries Society 135:15351545.
Neal, J. W., R. L. Noble, and T. N. Churchill. 2002. Timing of Largemouth Bass supplemental
stocking in a tropical reservoir: impacts on growth and survival. Pages 691-701 in Black
bass: Ecology, conservation, and management: Proceedings of the symposium black bass
2000, American Fisheries Society Symposium 31, Bethesda, Maryland.
Neal, J. W., R. L. Noble, C. G. Lilyestrom, N. M. Bacheler, and J. C. Taylor. 2001. Freshwater
sport fish community investigations and management. Puerto Rico Department of
Natural and Environmental Resources, Federal Aid in Sport Fish Restoration Project F41, Study 2. San Juan, Puerto Rico.

71

Neumann, R. M. and B. R. Murphy. 1992. Seasonal relationships of relative weight to body
composition of White Crappie, Pomoxis annularis Rafinesque. Aquaculture and
Fisheries Management 23:243-251.
Neumann, R. M. and D. W. Willis. 1996. Application of relative weight (Wr) as a tool for
assessment of esocid populations. Pages 21-28 in R. Soderberg, editor. Warmwater
workshop proceedings: esocid management and culture. American Fisheries Society,
Northeastern Division, Bethesda, Maryland.
Neumann, R. M., D. W. Willis, and D. D. Mann. 1994. Evaluation of Largemouth Bass slot
length limits in two small South Dakota impoundments. Prairie Naturalist 26:15-32.
Ney, J. J. 1990. Trophic economics in fisheries: assessment of demand-supply relationships
between predators and prey. Reviews in Aquatic Sciences 2:55-81.
Noble, R. L. 2002. Reflections on 25 years of progress in Black Bass management. Pages 419432 in D. P. Phillip and M. S. Ridgeway, editors. Black bass: ecology, conservation, and
management. American Fisheries Society, Symposium 31, Bethesda, Maryland.
Olive, J. A., L. E. Miranda, and W. D. Hubbard. 2005. Centrarchid assemblages in Mississippi
state-operated fishing lakes. North American Journal of Fisheries Management 25(1):715.
Ozen, O. and R. L. Noble. 2000. Yield-per-recruit analyses for a Largemouth Bass population in
a tropical reservoir. Proceedings of the Annual Conference of the Southeastern
Association of Fish and Wildlife Agencies 54:59:69.
Ozen, O. and R. L. Noble. 2005. Assessing age-0 year class strength of fast-growing
Largemouth Bass in a tropical reservoir. North American Journal of Fisheries
Management 25(1):163-170.
Perry, W. B., W. A. Janowsky, and F. J. Margraf. 1995. A bioenergetics simulation of the
potential effects of angler harvest on growth of Largemouth Bass in a catch-and-release
fishery. North American Journal of Fisheries Management 15(3):705-712.
Pope, K. L. and D. W. Willis. 1996. Seasonal influences on freshwater fisheries sampling data.
Reviews in Fisheries Science 4(1):57-73.
Quinn, S. 1996. Trends in regulatory and voluntary catch-and-release fishing. Pages 152-162 in
L. E. Miranda and D. R. DeVries, editors. Multidimensional approaches to reservoir
fisheries management. American Fisheries Society, Bethesda, Maryland.
Quist, M. C., M. A. Pegg, and D. R. DeVries. 2012. Age and Growth. Pages 677-731 in A. V.
Zale, D. L. Parrish, and T. M. Sutton, editors. Fisheries techniques, 3rd edition. American
Fisheries Society, Bethesda, Maryland.

72

Raborn, S. W., L. E. Miranda, and M. T. Driscoll. 2002. Effects of simulated removal of Striped
Bass from a southeastern reservoir. North American Journal of Fisheries Management
22:406-417.
Raborn, S. W., L. E. Miranda, and M. T. Driscoll. 2007. Prey supply and predator demand in a
reservoir of the southeastern United States. Transactions of the American Fisheries
Society 136:12-23.
Rice, J. A., J. E. Breck, S. M. Bartell, and J. F. Kitchell. 1983. Evaluating the constraints of
temperature, activity and consumption on growth of largemouth bass. Environmental
Biology of Fishes 9:263-275.
Rice, J. A., and P. A. Cochran. 1984. Independent evaluation of a bioenergetics model for
largemouth bass. Ecology 65(3):732-739.
Rose, C. J. 1989. Relationship between relative weight (Wr) and body composition in immature
walleye. Master’s Thesis. Texas A&M University, College Station, Texas.
SAS Institute Inc. 2013. SAS/STAT 13.1 User’s Guide. Cary, NC: SAS Institute Inc.
Scholten, G. D. and P. W. Bettoli. 2005. Populaiton characteristics and assessment of
overfishing for an exploited paddlefish population in the lower Tennessee River.
Transaction of the American Fisheries Society 134:1285-1298.
Schramm, H. L., Jr., and D. W. Willis. 2012. Assessment and harvest of Largemouth BassBluegill ponds. Pages 181-214 in J. Wesley Neal and David W. Willis, editors. Small
impoundment management in North America. American Fisheries Society, Bethesda,
Maryland.
Stewart, D. J., and M. Ibarra. 1991. Predation and production by salmonine fishes in Lake
Michigan, 1978-88. Canadian Journal of Fisheries and Aquatic Sciences 48:909-922.
Stewart, D. J., J. F. Kitchell, and L. B. Crowder. 1981. Forage fishes and their salmonid
predators in Lake Michigan. Transactions of the American Fisheries Society 110:751763.
Stewart, D. J., D. Weininger, D. V. Rottiers, and T. A. Edsall. 1983. An energetics model for
Lake Trout Salvelinus namaycush: application to the Lake Michigan population.
Canadian Journal of Fisheries and Aquatic Sciences 40:681-698.
Surber, E. W. 1949. Results of varying the ratio of Largemouth Black Bass and Bluegills in the
stocking of experimental farm ponds. Transactions of the American Fisheries Society
77(1):141-151.
Swingle, H. S. 1950. Relationships and dynamics of balanced and unbalanced fish populations.
Agricultural Experiment Station of the Alabama Polytechnic Institute, Bulletin 274.
73

Syslo, J. M., C. S. Guy, P. E. Bigelow, P. D. Doepke, B. D. Ertel and T. M. Koel. 2011.
Response of non-native Lake Trout (Salvelinus namaycush) to 15 years of harvest in
Yellowstone Lake, Yellowstone National Park. Canadian Journal of Fisheries and
Aquatic Sciences 68:2132-2145.
U.S. Geological Survey (USGS). 2008. Water Resources of the Caribbean. USGS. <http://
pr.water.usgs.gov/public/rt/pr_lakes/lake_50113950.html>. Accessed 15 August 2011.
Van Den Avyle, M. J., and J. E. Roussel. 1980. Evaluation of a simple method for removing
food items from live black bass. Progressive Fish-Culturist 42:222-223.
von Bertalanffy, L. 1938. A quantitative theory of organic growth. Human Biology 10(2):181213.
Wang, Y. 1998. An improved Fabens method for estimation of growth parameters in the von
Bertalanffy model with individual asymptotes. Canadian Journal of Fisheries and
Aquatic Sciences 55:397-400.
Wang, Y. and M. R. Thomas. 1995. Accounting for the individual variability in the von
Bertalanffy growth model. Canadian Journal of Fisheries and Aquatic Sciences 52:13681375.
Waters, D. S. 1999. Spawning season and mortality of Largemouth Bass (Micropterus
salmoides) in a tropical reservoir. Master’s thesis. North Carolina State University,
Raleigh, North Carolina.
Waters, D. S., R. L. Noble, and J. E. Hightower. 2005. Fishing and natural mortality of adult
Largemouth Bass in a tropical reservoir. Transactions of the American Fisheries Society
134:563-571.
Weber, M. J., M. J. Hennen, M. L. Brown, D. O. Lucchesi, and T. R. St. Sauver. 2016.
Compensatory response of invasive Common Carp Cyprinus carpio to harvest. Fisheries
Research 179:168-178.
Wege, G. J., and R. O. Anderson. 1978. Relative weight (Wr): a new index of condition for
Largemouth Bass. Pages 79-91 in G. D. Novinger and J. G. Dillard, editors. New
approaches to the management of small impoundments. American Fisheries Society,
North Central Division, Special Publication 3, Bethesda, Maryland.
Weidel, B. C., D. C. Josephson, and C. E. Kraft. 2007. Littoral fish community response to
Smallmouth Bass removal from an Adirondack lake. Transactions of the American
Fisheries Society 136:778-789.
Whitledge, G. W. and R. S. Hayward. 1997. Laboratory evaluation of a bioenergetics model for
largemouth bass at two temperatures and feeding levels. Transactions of the American
Fisheries Society 126(6):1030-1035.
74

Willis, D. W. 1989. Proposed standard length-weight equation for Northern Pike. North
American Journal of Fisheries Management 9:203-208.
Willis, D. W. 2010. A protected slot length limit for Largemouth Bass in a small impoundment:
will the improved size structure persist? Pages 203-210 in B. R. Murphy, D. W. Willis,
M. L. Davis, and B. D. S. Graeb, editors. Instructor’s guide for case studies in fisheries
conservation and management: applied critical thinking and problem solving. American
Fisheries Society, Bethesda, Maryland.
Willis, D. W., R. D. Lusk, and J. W. Slipke. 2010. Farm ponds and small impoundments. Pages
501-544 in W. A. Hubert and M. C. Quist, editors. Inland fisheries management in North
America, 3rd edition. American Fisheries Society, Bethesda, Maryland.
Winter, J. D. 1983. Underwater biotelemetry. Pages 371-395 in L. A. Nielsen and D. L. Johnson,
editors. Fisheries Techniques. American Fisheries Society, Bethesda, Maryland.

75

CHAPTER IV
EFFECTS OF AN EXPERIMENTAL REMOVAL OF LARGEMOUTH BASS BIOMASS
FROM AN OVERPOPULATED TROPICAL RESERVOIR: IMPACTS ON PREDATORS
AND PREY
4.1

Introduction
Cerrillos Reservoir was stocked with Largemouth Bass in the mid-1990s and the

population quickly expanded to carrying capacity (Neal et al. 2001). The reservoir experienced
inconsistent and limited fishing pressure during the early years of its fishery and Largemouth
Bass soon became overpopulated and crowded at a size range of about 250-350 mm TL.
Because Largemouth Bass abundance was excessive in this size range, these fish quickly
depleted prey populations, leading to slow Largemouth Bass growth, poor condition, and limited
appeal to anglers. By the early 2000s, the most abundant size classes displayed relative weight
values indicative of prey limitation (Neal et al. 2001).
In 2003, a protective slot limit was established to encourage harvest of small bass and to
protect larger, faster growing bass. This regulation is the standard method to reduce crowding,
increase prey availability, and improve growth and condition of remaining Largemouth Bass
(Noble and Jones 1999; Aday and Graeb 2012). When anglers harvest subslot Largemouth Bass,
protected slot limits can improve Largemouth Bass size structure and condition (Gabelhouse
1987; Novinger 1990; Neumann et al. 1994; Willis 2010). However, inadequate harvest of
smaller Largemouth Bass due to limited access, limited effort, and angler unwillingness to
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harvest small bass prevented the success of the regulation. The regulation was removed early in
2011, and the only regulation on the fishery currently is a liberal harvest allowance of 10
bass/day with one bass ≥508 mm TL.
In general, a reservoir system has a biomass carrying capacity that is relatively stable in
the absence of habitat modification. Within that carrying capacity, size structure can be flexible,
as long as total biomass varies around carrying capacity. For example, if a reservoir can support
20 kg of Largemouth Bass per hectare, the relative biomass can be composed of 40 0.5-kg bass,
20 1.0-kg bass, 10 2-kg bass, or any combination of sizes that total 20 kg. Thus, the solution to
Largemouth Bass crowding is to reduce numbers of fish, especially within the crowded size
range (Willis 2010; Aday and Graeb 2012). Removal of fish biomass reduces overall demand
for prey resources, thus increasing prey resources available to the remaining population, and
improving growth and condition.
Predator-prey relationships can greatly impact size structure and abundance of fish
communities. Pumpkinseed Lepomis gibbosus increase body depth in the presence of Walleye
(Robinson et al. 2008), and Trinidadian Guppies Poecilia reticulata (Reznick and Endler 1982)
devote a higher percentage of their body weight to reproduction in the presence of heavy
predation, whereas other species reduce reproductive efforts in the presence of predation (e.g.,
killifish; Fraser and Gilliam 1992). Bluegill have been shown to have faster growth rates
(Oplinger et al. 2011) and to delay maturity (Belk and Hales 1993) in the presence of
Largemouth Bass. When predators become overabundant, prey abundance often decreases
leaving only a few larger individuals (Schramm and Willis 2012). As predator abundance and
predation pressure decreases, prey populations may respond with increases in abundance via
recruitment, reducing the average length of the prey population (Schramm and Willis 2012).
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In this chapter, I describe the response of the Cerrillos Reservoir Largemouth Bass
population to a consecutive two-year experimental reduction in crowded Largemouth Bass
biomass. My objectives were to measure the response of the Cerrillos Reservoir Largemouth
Bass population to an experimental removal of 20% of the total biomass of the species, and to
examine the response of prey species populations to the reduced predator abundance and
biomass (Objective 3 of dissertation).
4.2

Study Site
The study was conducted in Puerto Rico, a commonwealth of the United States located to

the east of the Dominican Republic and west of the Virgin Islands. Puerto Rico is the smallest
and easternmost island of the Greater Antilles and is approximately 180 km long (east to west)
and 65 km wide (north to south). Cerrillos Reservoir is a relatively new impoundment located in
the main mountainous range of the island, La Cordillera Central (The Central Range), northeast
of Ponce, Puerto Rico, in the southwestern region of the island (Figure 4.1). Construction of the
reservoir began in 1982 and was completed in 1992, but filling was not completed until 1996. It
is a 160-ha reservoir with mostly steep rocky shorelines and a maximum depth of over 80 m.
Cerrillos Reservoir is mostly an oligotrophic system with very low nutrient concentrations (Neal
et al. 2010) and no submerged vegetation. Littoral habitat in the reservoir is primarily (~70%)
steep slopes, rocky substrata, and rocky outcrops. Moderate and shallow slopes make up the
remaining 25% and 5% of shoreline, respectively. Coarse woody debris (felled trees, stumps and
inundated trees), covers about 20% of the shoreline, with the remaining 10% having no structural
habitat. Clay soil (~20%) and gravel, sand, and silt (~10%) are the other types of substrata found
in the littoral zone of Cerrillos Reservoir (Neal et al. 2014). Additional, off-shore habitat exists
in some areas of the reservoir as shallow (<3 m deep) flats or underwater ridges. The primary
78

purposes for the impoundment are flood control, hydropower, agricultural and drinking water
supply, and recreation (USGS 2008), which lead to significant annual fluctuations in water level.
Annual fluctuations of 10 m or more are not uncommon. The watershed is mostly composed of
coffee plantations (active and abandoned).
Fish species richness in Cerrillos Reservoir is low compared to tropical lakes around the
world (Barbour and Brown 1974, Amarasinghe and Welcomme 2002, Zhao et al. 2006) and even
other reservoirs in Puerto Rico (Neal et al. 2009). Prey species were stocked by Puerto Rico
Department of Natural and Environmental Resources (DNER) in 1996, including Threadfin Shad
Dorosoma petenense, tilapia Coptodon and Oreochromis spp., Bluegill Lepomis macrochirus,
and Redear Sunfish Lepomis microlophus. Florida Largemouth Bass Micropterus salmoides
floridanus were stocked the following year and is the only predatory species in the reservoir (See
Chapter 1 for discussion of genetic contamination). Redbreast Sunfish Lepomis auritus, Channel
Catfish Ictalurus punctatus, White Catfish Ameiurus catus, Western Mosquitofish Gambusia
affinis, and Amazon Sailfin Catfish Pterygoplichthys pardalis are all present in Cerrillos
Reservoir, although it is not known how or when they were introduced. Redbreast Sunfish,
Channel Catfish, White Catfish, and Western Mosquitofish are not frequently encountered by
anglers or in research sampling (G. Pons, personal communication), so it is presumed their
abundances are low compared to other species in the reservoir. Amazon Sailfin Catfish
abundance increased quickly following its initial observation in the early 2010s and the
population appeared to be stable by the conclusion of this study.
From 1997 to 2000, the reservoir was not open to the public for fishing. In 2000, the
reservoir was opened to fishing three to four days a week, although long periods of closure
(weeks to months) were common. In 2003, a management station and access facility were
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constructed at the reservoir, and management biologists from DNER were stationed at the
facility to provide reliable access Thursday to Sunday each week. Due to the steep rocky
shoreline and surrounding terrain, bank angling is negligible except at the management facility,
and most angling occurs in boats.
4.3
4.3.1

Methods
Largemouth Bass Population Estimates and Removals
A mark-recapture population estimate was conducted to determine Largemouth Bass

population abundance, biomass, size structure, and condition (relative weight, Wr) in spring each
year from 2010 to 2016. Boat-mounted electrofishing standardized to an output of 3,000 watts
(Burkhardt and Gutreuter 1995) was used to collect Largemouth Bass. The entire shoreline and
available off-shore habitats were systematically electrofished in March. Catch per unit of effort
(CPUE) was estimated as number of fish collected per hour of electrofishing pedal down time for
the entire survey. All Largemouth Bass collected were measured to the nearest millimeter (TL)
and weighed to the nearest 2 g, and stock-size fish (>200 mm) were marked by removing about
80% of one pelvic fin prior to release. Right and left fins were alternated between years.
Abundance, size structure, biomass, and condition were used to characterize the Largemouth
Bass population. Biomass and its confidence bounds were estimated by multiplying the mean
̂)
weight (kg) of stock-sized (≥200 mm) Largemouth Bass by the estimated population size (𝑁
and its confidence bounds. Relative biomass and its confidence bounds were estimated as the
total estimated biomass ± confidence bounds divided by surface area (hectares; h). Surface area
of the reservoir was calculated by digitizing the map from Soler-Lopez (2011) used to measure
volume of the reservoir by 1 m depth increments. After digitizing the map, I counted the number
of pixels in the image with the reservoir at full pool (160 h) to get the pixel equivalency of
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hectares. Next, I counted the number of pixels in the image at lower water levels. Finally, I
estimated surface area in hectares using

𝑥𝑖 𝑝𝑖𝑥𝑒𝑙𝑠 =

ℎ𝑓
𝑝𝑓

(4.1)

where xi pixels is the number of pixels at ith water level below full pool, hf is the number of
hectares at full pool, and pf is the number of pixels at full pool. Condition was determined on all
Largemouth Bass (≥150 mm TL) using the relative weight (Wr) index developed by Wege and
Anderson (1978) with Henson’s (1991) modified parameters for intercept and slope.
Marked fish were given 4-5 weeks to reintegrate into the population prior to recapture
efforts. During the recapture sampling, the entire shoreline and available pelagic habitat was
sampled using boat-mounted electrofishing and all Largemouth Bass were collected, measured to
total length in mm, and examined for marks. The number of stock-size Largemouth Bass was
estimated using Chapman’s modification to the Petersen index (Chapman 1951), with a target
̂ (Robson and Regier 1964). The equation
95% confidence interval of no more than ± 25% of 𝑁
for Chapman’s modification to the Petersen index is

̂=[
𝑁

(𝑀 + 1)(𝐶 + 1)
]−1
(𝑅 + 1)

(4.2)

where M is the number of fish marked during the first sample, C is the number of fish captured
during the second sample, and R is the number of fish with a mark captured during the second
sample. Variance for the population estimate is calculated as
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̂) =
𝑉(𝑁

[(𝑀 + 1)(𝐶 + 1)(𝑀 − 𝑅)(𝐶 − 𝑅)]
[(𝑅 + 1)2 (𝑅 + 2)]

(4.3)

and the confidence intervals are calculated as

̂) = 𝑁
̂ ± 1.96 [𝑉(𝑁
̂ )0.5 ].
𝐶𝐼(𝑁

(4.4)

Population estimates in 2010 and 2011 indicated that the most intense crowding was
occurring among bass that ranged from 200-380 mm TL (Figure 4.2; Neal et al. 2010; Neal et al.
2011). In response, I proposed to experimentally remove at least 20% of the crowded
Largemouth Bass biomass. Experimental removals of Largemouth Bass were conducted in 2012
and 2013 during and immediately following recapture efforts of the population estimates.
Therefore, most Largemouth Bass within this size range collected during recapture and
subsequent sampling efforts were removed from the population. Externally tagged fish were not
removed (see Section 3.3.2). Biomass of fish removed was estimated by multiplying mean
weight of fish 200-380 mm TL (during marking efforts) by number of fish removed. Fish that
were to be removed were held in cages at the Cerrillos Reservoir boat ramp until being loaded
for transport. Largemouth Bass were loaded on trucks in either a 1,014-L or 416-L aerated
hauling tank and transported to Guajataca Reservoir for stocking.
4.3.2

Determination of Largemouth Bass Growth
To estimate Largemouth Bass growth rates (in length and weight) prior to and following

removals, I tagged a target sample size of 1,000 Largemouth Bass ≥150 mm TL (Table 4.1) per
year (2012-2016) with individually numbered T-bar tags (50 mm TL, Hallprint Manufacturing,
Australia; Figure 4.3). Fish were captured using electrofishing, measured (mm), weighed (g),
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and tags were inserted by anchoring in the pterygiophores of the soft dorsal fin, via the dorsal
body wall on the left side. A hole punch was used to mark the second dorsal fin (Figure 4.3) and
used to estimate tag loss. Tagged fish were encountered during electrofishing sampling efforts
throughout years (2012-2016) following tagging. Total length (mm), weight (g), and tag number
were recorded for each tagged bass encountered.
I applied the Fabens (1965) modification to the von Bertalanffy (1938) equation for
modeling fish growth to estimate Largemouth Bass growth. The von Bertalanffy model has
become a standard among fisheries scientists to model fish growth in length and weight
(Scholten and Bettoli 2005; Isely and Grabowski; 2007; Quist et al. 2012). The original von
Bertalanffy model is represented as

𝐿𝑡 = 𝐿∞ (1 − 𝑒 −𝐾(𝑡−𝑡0 ) )

(4.5)

where Lt is length at time t, L∞ is the asymptotic mean length, K is a growth coefficient, and t0 is
a time coefficient at which length would theoretically be zero. When fitting the model, the
parameters L∞, t0, and K can be estimated using nonlinear regression methods in statistical
software (SAS or R). The von Bertalanffy model can be used to compare growth among and
within populations and is typically applied to populations where ages of individuals are known,
have been determined using hard structures or estimated using back-calculation or length
frequency methods (Isely and Grabowski 2007). However, Largemouth Bass in Puerto Rico
reservoirs cannot be aged using hard structures (Neal et al. 1997), and there were no known age
bass in Cerrillos Reservoir to use for back-calculation or length-frequency methods.
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Fabens (1965) developed a modification for the von Bertalanffy model that is useful
when age of individuals cannot be determined, but some form of marking or tagging has been
used to estimate growth. The Fabens modification uses mark-recapture data where the size of
the fish is measured at marking and at recapture, and time at large is known. The model is
represented as

𝑅𝑖 = 𝑀𝑖 + (𝐿∞ − 𝑀𝑖 ) × (1 − 𝑒 −𝐾∆𝑡𝑖 )

(4.6)

where Ri is the length at recapture of the ith individual, Mi is the length at marking of the ith
individual, L∞ is the asymptotic length, K is the growth coefficient, and Δti is the time at large in
years. Since the standard von Bertalanffy model is based on age in years, time at large for the
Fabens model also needs to be presented in years. Weight and W∞ can be substituted for length
in the model and the model will maintain the same form, but the parameter values will change
(Isely and Grabowski 2007). Parameters (L∞, W∞, and K) for this model can be estimated using
nonlinear regression methods like the von Bertalanffy model.
To estimate the input parameters for my model, I calculated the mean total length (mm)
and weight (g) for the five largest fish encountered during annual population assessment
sampling in 2012. I set the mean total length as L∞, mean weight as W∞, and set a range for K =
0.1 to 0.4 by 0.05 (Table 4.2). For most Largemouth Bass populations, K ranges from 0.2 to 0.4
(Helser and Lai 2004), so by setting the range for K, it allows the nonlinear fit program to
determine the coefficient that best fits the data. The model was fitted to the tag-recapture data
(2012-2016) using the least squares objective in nonlinear regression methods in SAS (PROC

84

NLIN, SAS Institute 2013). The output parameters (Table 4.1) were then used to build the
Fabens model equations to estimate growth in length as

𝑅𝑖 = 𝑀𝑖 + (373 − 𝑀𝑖 ) × (1 − 𝑒 −1.1034∆𝑡𝑖 )

(4.7)

and to estimate growth in weight as

𝑅𝑖 = 𝑀𝑖 + (680 − 𝑀𝑖 ) × (1 − 𝑒 −0.3376∆𝑡𝑖 ).

(4.8)

Length or weight and time at large data for tagged-recaptured bass were input into
equations 4.7 and 4.8 to estimate length and weight at time of recapture. Model-predicted daily
growth rate in length (DGRLm) was estimated using

𝐷𝐺𝑅𝐿𝑚 = ((𝑃𝑅𝑇𝐿 − 𝑂𝑇𝐿)⁄𝑌𝐴𝐿)/365,

(4.9)

where OTL is the total length when tagged, PRTL is the model-predicted total length at recapture
and YAL is years at large since tagging. Model-predicted daily growth in weight (DGRWm) was
estimated as

𝐷𝐺𝑅𝑊𝑚 = ((𝑃𝑅𝑊𝑇 − 𝑂𝑊𝑇)/𝑌𝐴𝐿)/365

(4.10)

where OWT is the total weight when tagged, PRWT is the model-predicted weight at recapture
and YAL is years at large since tagging. Because the model uses years for time at large, the
85

growth rate has to be divided by 365 to get an estimate of daily growth. Growth rates were
estimated for fish recaptured with ≤0.304 YAL (≤111 DAL). I elected to only use fish in this
111-day window because recapture rates of tagged fish were greatest in the few months
immediately following tagging.
4.3.3

Prey Fish Community Assessment
Abundance and size distribution of sunfish (Figure 4.4 A and B), tilapia (Figure 4.4 C

and D) and Threadfin Shad (Figure 4.4 E) were examined prior to and following removals of
Largemouth Bass from Cerrillos Reservoir. Sunfish and tilapia were collected by electrofishing
at six sites throughout the reservoir in January and April in 2012 and 2014. Each site was
divided into two transects (North and South). One transect from each site was randomly selected
to be sampled during the day (0900-1500 hours) and the second transect was sampled during the
night (2100-0300 hours). Each transect was electrofished for 900 seconds of pedal-down time.
All fish collected were identified, measured (mm; TL) and released. Overall CPUE (fish/h) was
calculated for the reservoir by combining all sampling events (day and night, January and April)
as an estimate of sunfish and tilapia abundance.
Threadfin Shad were collected from six open water sites in January and April prior to
(2012) and following (2014) the removals using a trawl. A custom frame fry trawl with aperture
dimensions of 3 x 3 m, with 6-mm mesh in the body of the trawl, 4-mm in the cod-end, and total
length of the trawl was 10.5 m (Neal and Prchalova 2012) was used to sample open water habitat
in Cerrillos Reservoir. The reservoir was divided into three sections: upper (river arm), middle,
and lower (dam), with two were selected in each section (Figure 4.5). Three different water
layers were sampled in each section using the trawl: the upper open water with depth range 0 – 3
m, the middle open water 3 – 6 m, and the lower open water 6 – 9 m (Figure 4.6). The depth of
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towing was determined by the length of the rope between the buoy on the surface and the upper
rim of the trawl frame (0, 3 and 6 m, respectively).
Trawling was conducted at night using a two-boat system. The first boat was used as a
trawler, pulling the trawl on preset transects. The second boat was used to retrieve the cod end,
empty the catch, and process the samples. Mean (±SE) duration of each trawl tow was 119
(±0.46) seconds, which resulted in a mean (±SE) trawled distance of 118 (±0.82) m with average
speed of 3.0 (±0.01) km/h-1 and a mean (±SE) sampled volume of 1,064 (±7.35) m3. Before
beginning a tow, the trawl was flushed to remove any shad that may have remained in the net
after the previous tow, by leaving the cod end open and towing the trawl for thirty seconds. At
the end of each tow, the funnel section of the trawl was retrieved using the surface buoy, and the
catch was moved down the funnel section through the open cod end to the bucket on board the
retrieval boat. The catch was stored in a labeled Ziploc bag and placed on ice for processing in
the laboratory.
Iced catches were processed the next day. Total length (TL) of each fish was measured
to the nearest millimeter and weighed to the nearest 0.01 g in fish smaller than 100 mm TL.
When large numbers of shad were captured, sub-sampling was used. At least 50 adult (>30 mm
TL) individuals per each tow were measured, and the rest were counted or weighed collectively.
Shad smaller than 30 mm TL were considered as larvae and were counted and weighed as well.
Abundance was calculated as number per unit effort (NPUE; fish/1000 m3 water trawled) for
January and April for each year by combining all trawl tows (sections and depths). I separated
the two sampling periods within years because I expected to see a lower abundance of Threadfin
Shad in January than in April and expected both January and April 2014 to have higher
abundances than 2012.
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4.3.4
4.3.4.1

Statistical Analysis
Largemouth Bass
Population sampling methods for Largemouth Bass resulted in an unbalanced design, i.e.

the number of observations for the different combinations of class and continuous variables were
unequal, requiring the use of a general linear model. Thus, growth, length, weight, and condition
were compared using general linear models (PROC GLM, SAS Institute 2013) between preremoval (2012) and post-removal (2013-2016) years, with year set as a class variable, length
category (LCAT; Gabelhouse 1984) as a continuous variable, and the year*LCAT interaction
included to determine if any of the parameters differed among years. Least squares means
(LSMEANS, SAS Institute 2013) were calculated for each parameter to account for the
unbalanced design and to provide appropriately adjusted means that take other model effects into
account. For significant comparisons, differences among variables were determined using the
pairwise differences (pdiff) option with the Sidak adjustment to control familywise error for
multiple comparisons in the least squares means procedure. Length-frequency distributions were
compared between pre- and post-removal years using a Kolmogorov-Smirnov two-sample (Zar
1996) and Chi-square (χ2; Michaletz et al. 1995) tests. For these statistical analyses, I used α =
0.05 as the level of significance. Trendlines for relative weight distribution are quadratic (2nd
order) polynomial lines calculated as

𝑦 = 𝑏2 𝑥 2 + 𝑏1 𝑥 + 𝑎

(4.11)

where b1, b2, and a are constants. These were fit to relative weight data using the least squares
objective (LINEST) in the SOLVER add-on in Microsoft Excel.
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To determine if the Fabens model accurately estimated growth for Largemouth Bass in
Cerrillos Reservoir, I compared the model-predicted length-weight data to observed lengthweight data of recaptured fish. I estimated observed daily growth in length (DGRLo) as

𝐷𝐺𝑅𝐿𝑜 = (𝑅𝑇𝐿 − 𝑂𝑇𝐿)/𝐷𝐴𝐿

(4.12)

where OTL is total length at tagging, RTL is total length at recapture, and DAL is days at large
since tagging. Observed daily growth in weight (DGRWo) was estimated using

𝐷𝐺𝑅𝑊𝑜 = (𝑅𝑊𝑇 − 𝑂𝑊𝑇)/𝐷𝐴𝐿

(4.13)

where OWT is weight at tagging, RWT is weight at recapture, and DAL is days at large
since tagging. I plotted the log-transformed the model-predicted and observed length-weight
data for all recaptured fish from 2012-2016 and used linear regression analysis to estimate the
length-weight relationship slope and intercept (PROC REG, SAS Institute 2013). Then, I
compared the slopes of the regression lines using analysis of covariance (ANCOVA; PROC
GLM, SAS Institute 2013). Trendlines for linearized length-weight relationships are linear
calculated as

𝑦 = 𝑏𝑥 + 𝑎

(4.14)

where b is the slope of the line and a is the y-intercept. These were fit to linearized lengthweight data using the least squares objective (LINEST) in the SOLVER add-on in Microsoft
Excel.
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4.3.4.2

Prey Fish
Catch per unit effort of sunfish and tilapia was compared between pre- and post-removal

years using a paired two-sample t-test (McDonald 2014). Length-frequency distributions were
compared between pre- and post-removal years using a Kolmogorov-Smirnov two-sample test
(Zar 1996). Number per unit effort of juvenile and adult Threadfin Shad was compared by
month using a paired two-sample t-test between pre- and post-removal years. For these
statistical analyses, I used α = 0.05 as the level of significance.
4.4
4.4.1

Results
Largemouth Bass
The 2012 population estimate (±95% CI) for Cerrillos Reservoir determined a stock-size

population of 9,639 (±908; Table 4.3) Largemouth Bass, with an associated biomass of 3,440.5
(± 165.4) kg and relative biomass of 22.3 (± 1.07) kg/ha. Overall CPUE was high at 98 fish/h
and CPUE of stock-size or greater Largemouth Bass was 95 fish/h. Mean (±SE) relative weight
was 83 (± 0.24; Figure 4.7). Mean (±SE) DGRLm for Largemouth Bass was low at 0.27 (± 0.02)
mm/day (Figure 4.8). This growth rate was heavily influenced by sub-stock (150-199 mm TL)
fish. Average growth rate (±SE) for stock-size and larger bass was only 0.21 (± 0.02) mm/day.
Mean (±SE) DGRWm was 0.34 (± 0.02) g/day (Figure 4.9). As with growth in length, this
growth rate was heavily influenced by sub-stock fish. Mean (±SE) growth in weight for stocksize and larger bass was 0.29 (± 0.02) g/day. The year*LCAT interaction analysis was not
significant for length (F(4,19) = 0.52, P = 0.90) or weight (F(4,19) = 0.87, P = 0.58) indicating that
year had no effect on growth by length category.
In 2012, I removed 2,333 Largemouth Bass (Figure 4.10) accounting for a biomass
reduction of approximately 715 (± 0.127) kg. This represented 26 (± 1.0%) of the estimated
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stock and quality size Largemouth Bass and 20 (± 0.9%) of the estimated total population by
weight and resulted in a reduction in amplitude of the primary length mode (Figure 4.11).
Population sampling in 2013 estimated a stock size population (±95% CI) of 8,011
(±1,372; Table 4.3) Largemouth Bass, with an associated biomass of 3,093.7 (± 270.4) kg and
relative biomass of 20.1 (± 1.75) kg/ha. Overall CPUE decreased from 98 fish/h in 2012 to 74
fish/h, and catch rate of stock size Largemouth Bass declined from 95 fish/h to 57 fish/h. Mean
(±SE) relative weight was 85 (±0.31; Figure 4.7). Mean (±SE) DGRLm for Largemouth Bass
was low at 0.19 (± 0.01) mm/day (Figure 4.8) and was not different from the growth rate of 2012
(LSMEANS, P = 0.99). Mean (±SE) DGRWm was 0.22 (± 0.02) g/day (Figure 4.9) and was not
different from the growth rate of 2012 (LSMEANS, P = 0.96). During recapture efforts of the
2013 population estimate, a second biomass removal was conducted in the same manner as in
2012. I removed 1,993 Largemouth Bass within the crowded size range (Figure 410),
accounting for a biomass reduction of approximately 620 (±0.130) kg. This represented which
27 (±1.2%) of the crowded biomass and 20 (±0.9%) total biomass. All fish removed from
Cerrillos Reservoir in 2012 and 2013 were transported to Guajataca Reservoir and La Plata
Reservoir with excellent survival reported by DNER (Neal et al. 2014).
The 2014 stock size population estimate (±95% CI) for Cerrillos Reservoir was 11,218
(±2,206; Table 4.3) Largemouth Bass with an associated biomass of 4,100 (± 411.4) kg and
relative biomass of 30.0 (± 3.00) kg/ha. Overall CPUE increased from 74 fish/h in 2013 to 116
fish/h, and catch rate of stock size Largemouth Bass increased from 57 fish/h to 99 fish/h.
Although population size and biomass in 2014 was higher than prior to removals, condition of
Largemouth Bass increased in all length categories (Figure 4.7). Overall mean relative weight
increased for the first time since the reservoir initially reached crowded conditions, increasing
91

from 83 (±0.24) in 2012 to 90 (±0.37) in 2014 (LSMEANS, P < 0.0001). Relative weight
increases in all length categories were significant except for memorable-size fish (F(1,45) = 0.15, P
= 0.71; Figure 4.7). Mean (±SE) DGRLm for Largemouth Bass remained low (0.26 ± 0.04
mm/d; Figure 4.8) and was not different from the growth rate of previous years (LSMEANS,
2012 P = 0.98; 2013 P = 0.99). Growth rate was heavily influenced by sub-stock (150-199 mm
TL) fish, which exhibited the fastest growth rate prior to entering crowded size classes. Average
growth rate (±SE) for stock-size and larger bass was only 0.17 (± 0.03) mm/day. Mean (±SE)
DGRWm was 0.37 (± 0.02) g/day (Figure 4.9) and was not different from the growth rate of
previous years (LSMEANS, 2012 P = 1.00; 2013 P = 0.99).
Population sampling in 2015 estimated a stock size population (±95% CI) of 8,198
(±1,300; Table 4.3) Largemouth Bass with an associated biomass of 2,809.2 (± 227.4) kg and
relative biomass of 22.5 (± 1.81) kg/ha. Overall CPUE increased again from 116 fish/h in 2014
to 181 fish/h, and catch rate of stock size Largemouth Bass increased from 99 fish/h to 159
fish/h. Condition of Largemouth Bass decreased in all length categories to near pre-removal
levels (F6, 8169), P<0.01; Figure 4.7; Mean Wr = 84 (± 0.29)). Mean (±SE) DGRLm for
Largemouth Bass remained low (0.24 ± 0.03 mm/d; Figure 4.8) and was not different from the
growth rates of previous years (LSMEANS, 2012 P = 0.99; 2013 P = 0.99; 2014 P = 1.00). This
growth rate was heavily influenced by sub-stock (150-199 mm TL) fish. Average growth rate
(±SE) for stock-size and larger bass was only 0.11 (± 0.02) mm/day. Mean (±SE) DGRWm was
0.30 (± 0.02) g/day (Figure 4.9) and was not different from the growth rates of previous years
(LSMEANS, 2012 P = 0.1.00; 2013 P = 0.99; 2014 P = 1.00).
The 2016 stock size population estimate (±95% CI) for Cerrillos Reservoir was 6,304
(±1,291; Table 4.3) Largemouth Bass with an associated biomass of 2,860.1 (± 299.0) kg and
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relative biomass of 22.9 (± 2.39) kg/ha. Overall CPUE dropped precipitously from 181 fish/h in
2015 to 59 fish/h, and catch rate of stock size Largemouth Bass increased from 159 fish/h to 51
fish/h. Condition of Largemouth Bass increased in all length categories (Figure 4.7, Mean Wr =
86 (±0.44)). Relative weight increases in all length categories were significant except for
memorable-size fish (F(1,82) = 0.00, P = 0.95). Mean (±SE) DGRLm for Largemouth Bass
decreased (0.17 ± 0.03 mm/d; Figure 4.8) and was not different from the growth rates of
previous years (LSMEANS, 2012, P = 0.97; 2013, P = 0.99; 2014, P = 1.00; 2015, P = 1.00).
Mean (±SE) DGRWm decreased to 0.19 (± 0.04) g/day (Figure 4.9) and was not different from
growth rates of previous years (LSMEANS, 2012 P = 0.95; 2013 P = 1.00; 2014 P = 0.99; 2015
P = 0.99).
Length frequency distributions differed among all years (Table 4.4; Figure 4.12). The
lower end of the crowded size range shifted towards larger sizes, with a strong peak at 310-330
mm TL. Strong year classes recruited in 2014 and 2015, composed of fish primarily 240-280
mm TL and 210-240 mm TL, respectively. In 2016, recruitment was not as strong, and the
greatest numbers of fish occurred between 300-360 mm TL. Chi-square (χ2) analysis indicated
that the frequency of the memorable length category (χ2 = 4.62, P = 0.33; Table 4.5) was not
different among years.
The length-weight relationship for stock- and quality-size Largemouth Bass was
significant for Fabens-predicted (R2 = 0.98, P < 0.0001) and observed (R2 = 0.97, P < 0.0001)
length-weight data (Table 4.6). Analysis of covariance determined that the slopes of the lengthweight regressions were different (F(3,113) = 9.04, P = 0.003), suggesting that the Fabens model
slope differed from the observed data. However, visual examination of the plot (Figure 4.13) of
the log-transformed model-predicted and observed length-weight data suggests the Fabens model
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adequately approximates growth of the population from a biological perspective. One drawback
to the Fabens model is that it under predicts growth of larger (preferred+) size classes of fish.
This resulted in negative or zero change in length and loss of weight for larger (preferred+) fish
(Figures 4.8 and 4.9).
4.4.2

Prey Fish
Mean (±SE) annual CPUE (fish/hour) of sunfish and tilapia increased from 38 ± 6 and 57

± 9 to 72 ± 10 (t67 = 2.78, P = 0.007; Figure 4.14) and 162 ± 29 (t46 = 3.38, P = 0.001; Figure
4.16) fish/hour, respectively, following the removals. Concurrently, mean total length decreased
among sunfish (KS, D = 0.15, P = 0.002; Figure 4.15) and tilapia (KS, D = 0.41, P < 0.001;
Figure 4.17) species suggesting stronger recruitment following predator reduction.
Mean (±SE) annual Threadfin Shad NPUE (fish/1,000 m3 water trawled) did not
significantly increase (t51= -0.89, P = 0.376) following the removals. However, mean densities
of larval (<30 mm TL; t11 = 2.314, P = 0.041; Figure 4.18) and juvenile/adult shad (≥30 mm TL;
t11 = 2.400, P = 0.035; Figure 4.19) from prior to the first removal in 2012 to 1 year after the
second removal in 2014 within January samples were different. Similar results were found in
April samples for juvenile/adult shad (t11 = 2.504, P = 0.029; Figure 4.19), but no difference was
detected for larval shad density (t11 = 0.523, P = 0.611; Figure 4.18).
4.5

Discussion
The experimental removal began to restructure the size distribution of Largemouth Bass

in Cerrillos Reservoir. The combined effects of the two removals resulted in improvement of
Largemouth Bass condition, shifting the Cerrillos Reservoir population to one dominated by
larger, and more robust fish. Overall condition increased above the target minimum of 85, and
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condition of larger size classes improved. This was the first significant increase in condition in
this reservoir since it was initially stocked with Largemouth Bass in 1997. Although there has
been a great deal of debate among fisheries professionals about the use and interpretation of
relative weight data due to the high potential for error and bias (Blackwell et al. 2000; Neumann
et al. 2012; Schramm and Willis 2012), relative weight has served as an alternate method for
estimation of body composition and fish health (Rose 1989; Brown and Murphy 1991) and as a
tool to assess prey abundance. Positive correlations between relative weight and prey abundance
have previously been documented for Largemouth Bass (Wege and Anderson 1978),
Pumpkinseed (Liao et al. 1995), Northern Pike (Paukert and Willis 2003), and Walleye (Marwitz
and Hubert 1997; Porath and Peters 1997).
The reduction in predator abundance resulted in increased prey availability and smaller
size structure of sunfish and tilapia populations. Threadfin Shad densities increased noticeably,
but variability in larval densities limited overall statistical inference. Neal et al. (2001) suggested
that the rapidly increasing catch rates and decreasing condition of the Largemouth Bass
population in Cerrillos Reservoir was due to prey limitation. That report recommended liberal
harvest of small Largemouth Bass to reduce crowding and to increase growth rates and body
condition of the fish that remained. After the experimental removals, mean condition of all
length categories increased by an average of 5.2 (range 2.7-6.6) units. Thus, I feel confident that
the improvement in condition observed 2 years after population reduction represent
improvements in prey availability, not only for the crowded size class, but for all size classes.
Positive relationships between relative weight and growth have been shown for a number
of temperate species including Largemouth Bass (Wege and Anderson 1978; Neumann et al.
1994), Palmetto Bass (Brown and Murphy 1991), Black Crappie (Guy and Willis 1995), White
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Crappie (Gabelhouse 1991), and Northern Pike (Willis 1989, Neumann and Willis 1996).
Although size distributions shifted towards larger fish in Cerrillos Reservoir, growth rates in
length of stock size fish in Cerrillos Reservoir did not increase during the study period. Unlike
condition that can change over relatively short periods of time (weeks; Blackwell et al. 2000),
changes in length tend to present more slowly, specifically in mature fish (von Bertalanffy 1938).
Mosher (1984) suggested that there could be a threshold for relative weight that has to be met
before growth can respond. Because Largemouth Bass were in poor condition prior to the
removal, it is likely that they will need to invest more energy into improving condition before
investment in growth in length or weight will be possible. I observed increases in condition, so
increases in growth may have followed if removals had continued.
Previous research in northern temperate climates found that population reductions are
necessary for several consecutive years to be effective. Willis (2010) conducted annual harvests
of subslot Largemouth Bass (<300 mm TL) from a high density, slow growing population in
South Dakota, and reported that it took 3 years of removals before the size structure of the
population began to shift towards target PSD and condition. However, due to higher year-round
temperatures, Largemouth Bass in Puerto Rico experience a much longer growing season than
those in South Dakota ponds, and population changes as a result of the removal should occur
more rapidly.
An important finding from this research is that, despite 20% of biomass being removed in
two consecutive years, population abundance and biomass actually increased following the
second removal. This is likely due to the expanded size structure, which opens up a wider
breadth of potential prey to the population. When most of the population is crowded into a
narrow size range, their potential population size and biomass is limited by the prey available to
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that size range (Shelton et al. 1979; Diana 1987; Heath and Roff 1996). Further, few prey
survive the predator gauntlet to grow to adult sizes, thus limiting reproduction and recruitment of
prey (Swingle 1950; Swingle 1956; Gabelhouse 1987). As the Largemouth Bass size structure
becomes more protracted, the population can exploit a greater available prey base and the
reservoir can support a higher overall carrying capacity.
It is likely that removals of this magnitude will need to occur periodically in Cerrillos
Reservoir to maintain the observed improvements or to reach ultimate target levels in condition
and growth rate. In the South Dakota study, all harvest of Largemouth Bass ceased once the
population reached target size structure and condition, and when the population was sampled
again seven years later, it had returned to its original state of high density, low condition, slow
growing bass (Willis 2010). Thus, regular removals of small bass may be the best way to
manage the Cerrillos Reservoir Largemouth Bass population to maintain a quality fishery. This
became apparent after the 2015 and 2016 population estimate sampling. The high abundance in
2014 likely exceeded carrying capacity, which led to depleted prey resources and decreased
condition, which in turn influenced recruitment and abundance of Largemouth Bass in 2015 and
2016. This effect was exacerbated by prolonged low water level from spring 2014 through
spring 2016 (Figure 4.20). The rebounding Largemouth Bass condition in 2016 suggests that the
abundance had decreased to a level that prey resources could support likely due to reduce
recruitment and concentration of prey resources.
Several studies have shown that altering size structure and condition of fish populations
requires multiple years of population reduction, and further demands continued assessment after
goals are reached so that changes to management strategies can be implemented as necessary
(Novinger 1990; Neumann et al. 1994; Noble and Jones 1999; Wilson and Dicenzo 2002; Willis
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2010). Concerted efforts to promote harvest of small bass with anglers could be successful,
although it is unclear at this point whether angling pressure is sufficient to reach harvest goals
even if anglers harvest all small bass caught.
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Table 4.1

Numbers of externally tagged Largemouth Bass.

Year
Length Category
2012
2013
2014
2015
2016
Substock (150-199)
105
98
125
154
28
Stock (200-299)
387
499
346
214
185
Quality (300-379)
459
311
462
569
499
Preferred (380-509)
41
77
59
59
75
Memorable (510-629)
5
6
6
3
5
Trophy (≥630)
0
0
0
0
1
b
b
b
b
Totals
997
991
998
999
793c
Numbers of Largemouth Bass in each length category tagged with external T-bar tags per year in
Cerrillos Reservoir.
a
Length classes for Largemouth Bass from Gabelhouse (1984).
b
Numbers less than 1,000 indicate lost or broken tags incurred during tagging procedures.
c
Weather conditions prevented sampling to complete tagging efforts.
(mm)a

Table 4.2

Input and output parameters for the Fabens model.
Parameters

Output
L∞
373.8 (4.9)
K
1.1034 (0.06)
W∞
680.7 (69.0)
K
0.3376 (0.06)
Input and output parameters for the Fabens (1965) growth model.
Standard errors are given in parentheses.
L∞
W∞
K

Input
555
2208
0.1 to 0.4 by 0.05
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Table 4.3

Population estimate data 2010-2016

Variable
Number of Fish Marked in
First Sample (M)
Number of Fish Captured in
Second Sample (C)
Number of Fish Captured
with Marks (R)
̂)
Population Estimate (𝑁

2011

2012

Year
2013
2014

1,225 1,034

1,493

956

1,054

1,121

704

1,889

853

871

854

643

292
9,639

101
8,011

81
11,218

116
8,198

71
6,304

2010

566

545

70
78
9,790 7,152

2015

2016

95% Confidence Intervals
2,053 1,393
908
1,372 2,206
1,300
1,291
Error Estimate (%)
21
19.5
9.4
17.1
19.6
15.9
20.5
Population estimate data for Largemouth Bass from Cerrillos Reservoir spring 2010-2016.
Estimate error is derived from Robson and Regier (1964) and must be less than 25%.

Table 4.4

Kolmogorov-Smirnov length frequency comparisons statistics.

Year Comparison
D
P
2012 v 2013
0.11
<0.0001
2012 v 2014
0.09
<0.0001
2012 v 2015
0.14
<0.0001
2012 v 2016
0.17
<0.0001
2013 v 2014
0.14
<0.0001
2013 v 2015
0.12
<0.0001
2013 v 2016
0.27
<0.0001
2014 v 2015
0.07
0.0066
2014 v 2016
0.17
<0.0001
2015 v 2016
0.18
<0.0001
Kolmogorov-Smirnov statistics for length frequency distribution comparisons for Largemouth
Bass in Cerrillos Reservoir from 2012-2016.
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Table 4.5

Chi-square (χ2) length category comparisons statistics.

Length Category
Stock
Quality
Preferred
Memorable

χ2
81.92
44.97
35.32
4.62

P
<0.0001
<0.0001
<0.0001
0.33

Table 4.6

Linearized length-weight relationships

Model

Linear Equation

SD of m

SD of b

R2

P

𝑊𝑡 = 2.9558(𝑇𝐿) − 4.8342

0.026

0.06

0.94

<0.0001

𝑊𝑡 = 3.2092(𝑇𝐿) − 5.4714

0.025

0.06

0.98

<0.0001

Observed
Fabens
Predicted

Linear relationships of length-weight relationships of observed and predicted growth of taggedrecaptured Largemouth Bass in Cerrillos Reservoir 2012-2016. SD = standard deviation.

101

Figure 4.1

Map of Puerto Rico and Cerrillos Reservoir.

Enlarged (top) image is Cerrillos Reservoir, an impoundment of the Cerrillos River. The
Department of Natural and Environmental Resources (DNER) boat ramp and management
station are marked by the filled circle (●).
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Figure 4.2

Length distribution and relative weight of Largemouth Bass.

Length distribution and relative weight of Largemouth Bass in Cerrillos Reservoir during
population sampling in spring 2010 (top) and spring 2011 (bottom). Horizontal line at 100 in
relative weight figures indicates optimum relative weight for a balanced population. Trendline in
relative weight figures is the quadratic (2nd order) polynomial trendline calculated as:
2010: 𝑊𝑟 = 0.0003(𝑇𝐿2 ) − 0.2355(𝑇𝐿) + 130.21, R2 = 0.20
2011: 𝑊𝑟 = 0.0002(𝑇𝐿2 ) − 𝑜. 1875(𝑇𝐿) + 121.02, R2 = 0.24.
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Figure 4.3

Tagged Largemouth Bass.

Largemouth Bass tagged with external T-bar tag in Cerrillos Reservoir, Puerto Rico, January
2012. Hole punch in second dorsal fin was used to estimate tag loss.
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Figure 4.4

Prey species collected in Cerrillos Reservoir.

Prey species sampled in Cerrillos Reservoir, Puerto Rico. A) Redear Sunfish, Lepomis
microlophus, B) Bluegill, Lepomis macrochirus, C) Redbreast Tilapia, Coptodon rendalli, D)
Mozambique Tilapia Oreochromis mossambicus, and E) Threadfin Shad, Dorosoma petenense.
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Figure 4.5

Reservoir sections and trawling locations.

Reservoir sections (Upper, Middle, Lower) and trawling locations (Double Arrow Lines) for
Threadfin Shad sampling in Cerrillos Reservoir.
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Figure 4.6

Threadfin Shad sampling layers.

Three depth layers sampled for Threadfin Shad with the fry trawl in Cerrillos Reservoir.
Image credit: Neal and Prchalova 2012.
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Figure 4.7

Relative weight of Largemouth Bass.

Mean (±SE) relative weight of Largemouth Bass for the total population (overall) and by length
category in Cerrillos Reservoir for 2012 (pre-removal) and 2014-2016 (post-removals).
Length classes for Largemouth Bass from Gabelhouse (1984).
Black bar – 2012, light grey bar – 2013, dark grey bar – 2014, white bar – 2015, and line
patterned bar – 2016.
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Figure 4.8

Daily growth in length (mm).

Mean (±SE) Fabens model predicted daily growth in length (mm) by length category for
Largemouth Bass in Cerrillos Reservoir, Puerto Rico, prior to (2012), during (2013) and after
(2014-2016) experimental biomass removals in 2012 and 2013. Numbers above bars represent
number of fish used in estimation.
Length classes for Largemouth Bass from Gabelhouse (1984).
Black bar – 2012, light grey bar – 2013, dark grey bar – 2014, white bar – 2015, and line
patterned bar – 2016.
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Figure 4.9

Daily growth in weight (g).

Mean (±SE) Fabens model predicted daily growth in length (mm) by length category for
Largemouth Bass in Cerrillos Reservoir, Puerto Rico, prior to (2012), during (2013) and after
(2014-2016) experimental biomass removals in 2012 and 2013. Numbers above bars represent
number of fish used in estimation.
Length classes for Largemouth Bass from Gabelhouse (1984).
Black bar – 2012, light grey bar – 2013, dark grey bar – 2014, white bar – 2015, and line
patterned bar – 2016.
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Figure 4.10

Length distributions from removal efforts.

Length distributions of Largemouth Bass from April 2012 (top) and April 2013 (bottom)
removal efforts in Cerrillos Reservoir, Puerto Rico. All fish 200-380 mm TL (grey bars) were
removed from the population and fish outside that size range (black bars) were returned to the
reservoir. Where grey and black bars are stacked, black bars represent externally tagged fish that
were returned to the reservoir.
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Figure 4.11

Estimated population length distribution after removals.

Estimated length distribution of Largemouth Bass in Cerrillos Reservoir during April 2012 (top)
and April 2013 (bottom). The population prior to removal is represented by the stacked grey and
black bars and the population after the removal is represented by the black bars only.
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Figure 4.12

Pre- and post-removal length distributions of Largemouth Bass.

Length distributions of Largemouth Bass in Cerrillos Reservoir before (2012), during (2013),
and after (2014-2016) the experimental biomass removals. 2012 – solid black line, 2013 –
dotted black line, 2014 – solid grey line, 2015 – dashed grey line, and 2016 – dashed black line.
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Figure 4.13

Length-weight regressions for tagged-recaptured Largemouth Bass.

Observed (open squares) and Fabens model predicted (open circles) length-weight relationships
for Cerrillos Reservoir Largemouth Bass from tagged-recapture data, 2012-2016.
Trendlines for linearized length-weight relationships are linear and calculated as:
Observed equation: 𝑙𝑜𝑔𝑊𝑡 = 2.9558[±0.026](𝑙𝑜𝑔𝑇𝐿) − 4.8342[±0.06], R2 = 0.97, and
Fabens predicted equation: 𝑙𝑜𝑔𝑊𝑡 = 3.2092[±0.025](𝑙𝑜𝑔𝑇𝐿) − 5.4714[0.06], R2 = 0.98.
Numbers in brackets of equations are one standard deviation of the parameter estimate.
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Figure 4.14

Mean sunfish CPUE pre- and post-removal.

Mean (±SE) sunfish CPUE prior to (pre) and following (post) Largemouth Bass biomass
reductions.
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Figure 4.15

Sunfish length distribution pre- and post-removal.

Sunfish length distribution prior to (solid line) and following (dashed line) Largemouth Bass
biomass reductions.
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Figure 4.16

Mean tilapia CPUE pre- and post-removal.

Mean (±SE) tilapia CPUE prior to (pre) and following (post) Largemouth Bass biomass
reductions.
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Figure 4.17

Tilapia length distribution pre- and post-removal.

Tilapia length distribution prior to (solid line) and following (dashed line) Largemouth Bass
biomass reductions.
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Figure 4.18

Mean larval Threadfin Shad NPUE pre- and post-removal.

Mean (±SE) larval Threadfin Shad (<30 mm TL) NPUE prior to (pre) and following (post)
Largemouth Bass biomass reductions. Open bars = January, grey bars = April. Asterisk (*)
denotes statistical difference.
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Figure 4.19

Mean juvenile/adult Threadfin Shad NPUE pre- and post-removal.

Mean (±SE) juvenile/adult Threadfin Shad (>30 mm TL) NPUE prior to (pre) and following
(post) Largemouth Bass biomass reductions. Open bars = January, grey bars = April. Asterisk
(*) denotes statistical difference.

120

Figure 4.20

Cerrillos Reservoir hydrograph.

Cerrillos Reservoir hydrograph from March 2011 through March 2016. Dashed horizontal line
indicates conservation pool (174.7 m).
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CHAPTER V
SYNTHESIS
The results presented in this study describe the development and attempted alleviation of
a crowded Largemouth Bass population in a tropical reservoir. Cerrillos Reservoir in Puerto
Rico provides a unique opportunity to study a crowded Largemouth Bass population; a
phenomenon common in temperate climates but not typically seen in tropical climates. In this
dissertation, I sought to use largescale mechanical harvests to alleviate crowding and restructure
the population towards a healthy, balanced fishery. The Largemouth Bass population in
Cerrillos Reservoir began showing signs of crowding just a few years after it was stocked
(Chapter 2; Fox and Neal 2011). Catch rates and recruitment were high and stable while
condition of the fish and prey resources declined. A protective slot length limit of 356-508 mm
was implemented in 2003 to encourage harvest of smaller Largemouth Bass, to protect
intermediate fast-growing bass, and to allow for occasional harvest of a trophy fish. However,
these length limits only work if anglers are willing to harvest subslot fish (Noble and Jones
1999). The protective slot limit failed to restructure the Largemouth Bass population, so I
examined the efficacy of management harvests. Mechanical removals have occasionally been
successful at alleviating crowded fish populations, although in most cases regular removals are
required to maintain the more desirable abundance and size structure (McHugh 1990; Meronek
et al. 1996). Willis (2010) conducted annual mechanical removals of up to 40% of crowded
Largemouth Bass from South Dakota Ponds for five years. It took three years for them to see
127

improvements in condition or growth of the population. No further harvest of the population
occurred for seven years. When they reassessed the population after the seven years of no
harvest, they found that it had reverted to pre-removal levels of slow growth, low condition and
high abundance. Based on those results, I hypothesized that I would see improvement in
condition and growth in weight after the two consecutive removals due to the year-round
growing season and truncated age structure present in Puerto Rico, but that the population would
revert to pre-removal condition within 1-2 years following cessation of removals for the same
reason.
Prior to conducting removals, I estimated growth in length and weight for Largemouth
Bass to assess the impacts of the removals on growth and population size structure. I used
bioenergetics modeling to estimate consumption by an average-sized stock- and quality-sized
fish. I then used a series of hypothetical population reduction levels (i.e., adult bass removals)
combined with a series of hypothetical prey consumption success rates by remaining fish, to
predict the increase in prey consumption by remaining fish. Finally, I used the estimates of
increased consumption for each hypothetical population reduction to predict change in annual
growth rate by fitting the bioenergetics model to consumption. This provided a prediction plot
that could be used to determine the level of population reduction required to achieve a target
growth rate in weight.
I conducted two consecutive removals of stock and quality sized fish resulting in 20%
(±0.9%) reductions of the estimated total biomass of the population in both 2012 and 2013. By
2014, the size structure of the population had shifted toward larger size classes and condition
(Wr) of the population had increased from 83 (±0.24) in 2012 to 90 (±0.37) in 2014 (LSMEANS,
P < 0.0001). I did not conduct a removal in 2014, and by 2015 population condition had reverted
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to pre-removal levels. Then in 2016, condition rebounded to 86. I think this oscillation in
condition can be explained by population size and carrying capacity. Largemouth Bass removals
reduced the population size in 2013, which freed up resources and encouraged greater
recruitment and population expansion in 2014. However, the 2014 population of fish appeared
to exceed carrying capacity and the population subsequently decreased by 2015.
I believe that this variability represents a population that is oscillating toward a stable
carrying capacity following disturbance. The “mortality event” that occurred via the
experimental removal is similar to a natural disturbance that reduces population size, like a
drought, disease, or flood. The population responded to this reduction in abundance with
increased recruitment, and consequently overshot carrying capacity. Density-dependent factors
reduced population size below carrying capacity, and the feedback loop continued to move the
population towards relative stability (e.g., Barrett and Odum 2000). However, it is possible that
the lower population abundance was influenced by the prolonged low water levels from spring
2014 through spring 2016. Water level was low for about 6 months in 2013, but rose to
conservation pool by spring 2014. I think the removals and rise in water level allowed
recruitment to increase in 2014 leading the population to overshoot carrying capacity. Then
water levels fell and remained low for the majority of 2014, through 2015 and into 2016. Thus,
recruitment in 2015 would have been reduced as a combination of overshooting carrying
capacity and reduced water levels, but in 2016 was likely only due to low water levels. The slight
rebound in relative weight in 2016 could have been due to the reduced recruitment and
concentration effects. Unfortunately, there is no way for me to definitively say what caused the
reduction in population abundance. However, based on the results of Willis (2010), I do believe
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that in the absence of additional disturbance, the Largemouth Bass population would stabilize at
its natural carrying capacity, which is characterized by abundant, slow-growing fish.
Regardless of the ecological mechanisms behind my observations, the reduction in
predator abundance resulted in increased prey availability and smaller size structure of sunfish
and tilapia populations. Threadfin Shad densities increased noticeably, but variability in larval
densities limited overall statistical inference. Although I did see improvement in condition of
Largemouth Bass, there was not any improvement in growth by weight or length following the
removals. This is not surprising because relative weight is an instantaneous measure that can
change quickly (weeks; Blackwell et al. 2000), changes in length tend to happen more slowly,
specifically in mature fish (von Bertalanffy 1938; Mosher 1984). Neumann et al. (2012)
described fish with relative weight less than 88 as in “poor condition.” Condition is a measure of
fish well-being and nutritional health, and poor condition fish have low stored energy reserves
and are more susceptible to environmental risk factors (Busacker et al. 1990; Blackwell et al.
2000). Therefore, I propose that an individual would first allocate energy resources to
recovering condition before increasing energy available to growth. This concept was supported
by Mosher (1984), who postulated that there is a threshold minimum fish condition that is
necessary for energy to be allocated to growth in length.
The bioenergetics model estimated total annual consumption by individual stock- and
quality-size Largemouth Bass in Cerrillos Reservoir was 1,432 and 2,024 g of prey, respectively.
Based on the simulated population reductions and range of consumption efficiencies, new
consumption estimates for stock-size fish ranged from 1,445 g of prey with a 5% biomass
reduction and 25% consumption efficiency to 1,854 g with a 30% biomass reduction with 100%
of released prey being consumed. For quality-size Largemouth Bass, consumption estimates
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ranged from 2,056 g to 2,153 g of prey under the same scenarios. Growth rates predicted by the
bioenergetics model with the increased consumption rates varied, but as expected were highest
for the 100% prey conversion at the 30% reduction level for both stock- and quality-sized bass
(Figures 5.1 and 5.2). Interestingly, the observed average growth in weight for Largemouth Bass
at a 20% reduction level was in line with the simulated 75% prey conversion level for stock-size
fish (Figure 5.1), and was slightly higher than the 50% prey conversion levels for quality-size
fish (Figure 5.2). Given that bioenergetics modeling of growth for Largemouth Bass in Lucchetti
Reservoir significantly overestimated growth rates before energy losses related to spawning were
included (Neal and Noble 2006), I had expected a similar overestimation in growth for Cerrillos
Reservoir. It is possible that the crowding and lower than normal growth rates for tropical bass
populations caused the model prediction to be more accurate.
Given my findings, I can conclude that reducing Largemouth Bass abundance in Cerrillos
Reservoir can move population dynamics toward desired management outcomes, but these
actions must be continued indefinitely to achieve full success and sustainability. Although it is
feasible to conduct annual management harvests, a more desirable approach would be to increase
harvest by anglers. I estimated exploitation rate (µ) to be only 0.0899. I then removed 2,333 of
the 9,639 stock-size Largemouth Bass, equivalent to a removal rate of 0.2354. Assuming that
exploitation mortality and removal mortality are additive, anglers would need to increase annual
exploitation to at least 0.3253 to achieve the modest gains observed in my experimental removal
of 20% of the biomass. Although short-term population response in my study was modest, a
sustained reduction in abundance via angling may result in compounding effects that accumulate
with time. The challenge is to change angling behavior. The catch and release mentality that has
consumed black bass angling will be difficult to correct. Angler education is one route that can
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be used to inform anglers and modify behaviors, although most efforts have focused on
improving catch and release handling instead of eliminating the practice (e.g., Cooke et al. 2013;
Delle Palme et al. 2016). Because most Cerrillos Reservoir anglers are affiliated with one of a
number of bass fishing clubs (Neal et al. 2008), these organizations would be ideal locations to
conduct outreach education.
Another consideration would be to actively inhibit recruitment in this system. Coleman
(2019) evaluated the efficacy of shoreline application of the piscicide rotenone to eliminate age-0
Largemouth Bass in small impoundments. He reported that following efforts to suppress
recruitment, Largemouth Bass densities declined, body condition increased, and mean length at
age-1 increased. No effects were observed on Bluegill, the principal prey species in his study
ponds. If this approach were combined with increased adult harvest, the improvements in
population dynamics that I observed might increase in magnitude and longevity.
I recommend that the Puerto Rico Department of Natural and Environmental Resources
increase annual harvest of stock and quality-size either via angling or through sustained
management removals. Based on my results, I suggest that a µ of at least 0.3 would be an
appropriate starting target, but this target may need to be adapted as new data become available.
This harvest needs to focus on smaller Largemouth Bass that are in the crowded size ranges.
Accordingly, it would be appropriate to 1) eliminate creel limits on smaller fish and 2) increase
protections on larger fish. For example, changing harvest regulations to a simple prohibition of
only one Largemouth Bass over 400 mm TL per day in Cerrillos Reservoir would allow greater
harvest of small bass while protecting the larger stock. Finally, I recommend additional research
on the potential of recruitment reduction actions that could be employed to limit successful
recruitment and ultimate stockpiling of small bass.
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Figure 5.1

Predicted and Observed daily growth rates in weight (Stock).

Predicted (lines) and observed (*) daily growth rates in weight of stock size (≥200 mm)
Largemouth Bass in Cerrillos Reservoir at various levels of population reduction. Black line
with square marker = 100% prey consumption, grey line with diamond marker = 75% prey
consumption, black line with circle marker = 50% prey consumption, grey line with triangle
marker = 25% prey consumption.
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Figure 5.2

Predicted and Observed daily growth rates in weight (Quality).

Predicted (lines) and observed (*) daily growth rates in weight of stock size (≥200 mm)
Largemouth Bass in Cerrillos Reservoir at various levels of population reduction. Black line
with square marker = 100% prey consumption, grey line with diamond marker = 75% prey
consumption, black line with circle marker = 50% prey consumption, grey line with triangle
marker = 25% prey consumption.

134

5.2

References

Barrett, G. W., and E. P. Odum. 2000. The twenty-first century: the world at carrying capacity.
Bioscience 50(4):363-368.
Blackwell, B. G., M. L. Brown, and D. W. Willis. 2000. Relative weight (Wr) status and current
use in fisheries assessment and management. Reviews in Fisheries Science 8:1-44.
Busacker, G. P., I. R. Adelman, and E. M. Goolish. 1990. Chapter 11: Growth. Pages 363-387
in C. B. Schreck and P. B. Moyle, editors. Methods for fish biology. American Fisheries
Society, Bethesda, Maryland.
Coleman, T. S. 2019. Evaluation of a shoreline rotenone application to control Largemouth Bass
Micropterus salmoides recruitment in small impoundments. Master’s thesis, Auburn
University, Alabama.
Cooke, S. J., C. D. Suski, R. Arlinghaus, and A. J. Danylchuk. 2013. Voluntary institutions and
behaviours as alternatives to formal regulations in recreational fisheries management.
Fish and Fisheries 14:439-457.
Delle Palme, C. A., V. M. Nguyen, L. F. G. Gutowsky, and S. J. Cooke. 2016. Do fishing
education programs effectively transfers ‘catch-and-release’ best practices to youth
anglers yielding measurable improvements in fish condition and survival? Knowledge
and Management of Aquatic Ecosystems 417:42.
<https://www.kmaejournal.org/articles/kmae/pdf/2016/01/kmae160100.pdf> Accessed 29
September 2020
Fox, C. N. and J. W. Neal. 2011. Development of a Crowded Largemouth Bass Population in a
Tropical Reservoir. Proceedings of the Annual Conference Southeastern Association of
Fish and Wildlife Agencies 65:98-104.
McHugh, J. J. 1990. Responses of Bluegills and Crappies to reduced abundance of Largemouth
Bass in two Alabama impoundments. North American Journal of Fisheries Management
10:344-351.
Meronek, T. G., P. M. Bouchard, E. R. Buckner, T. M. Burri, K. K. Demmerly, D. C. Hatleli, R.
A. Klumb, S. H. Schmidt, and D. W. Coble. 1996. A review of fish control projects.
North American Journal of Fisheries Management 16:63-74.
Mosher, T. D. 1984. Responses of White Crappie and Black Crappie to Threadfin Shad
introductions in a lake containing Gizzard Shad. North American Journal of Fisheries
Management 4:365–370.
Neal, J. W., C. G. Lilyestrom, and D. Lopez-Clayton. 2008. Tropical reservoir fisheries
management through applied research. Pages 681-697 in M. S. Allen, S. Sammons, and
M. J. Maceina, editors. Balancing fisheries management and water uses for impounded
river systems. American Fisheries Society Symposium 62. Bethesda, Maryland.
135

Neumann, R. M., C, S. Guy, and D. W. Willis. 2012. Length, weight, and associated indices.
Pages 637-676 in A. V. Zale, D. L. Parrish, and T. M. Sutton, editors. Fisheries
techniques, 3rd edition. American Fisheries Society, Bethesda, Maryland.
Noble, R. L., and T. W. Jones. 1999. Managing fisheries with regulations. Pages 455– 480 in C.
C. Kohler and W. A. Hubert, editors. Inland fisheries management in North America, 2nd
edition. American Fisheries Society, Bethesda, Maryland.
von Bertalanffy, L. 1938. A quantitative theory of organic growth. Human Biology 10(2):181213.
Willis, D. W. 2010. A protected slot length limit for Largemouth Bass in a small impoundment:
will the improved size structure persist? Pages 203-210 in B. R. Murphy, D. W. Willis,
M. L. Davis, and B. D. S. Graeb, editors. Instructor’s guide for case studies in fisheries
conservation and management: applied critical thinking and problem solving. American
Fisheries Society, Bethesda, Maryland.

136

APPENDIX A
EXPLOITATION DATA AND CACULATION FROM CREEL DATA
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Table A.1

Data from creel survey.

Variable
Survey Data
Largemouth Bass Harvested (H)
103
Number of Days Fishery is Open (Do)
260
Number of Days Surveyed (Ds)
30
Percent of Year Surveyed (%YS)
8.67
Estimated Annual Harvest (Ha)
893.01
̂)
Estimated Population Abundance (𝑁
9970
Exploitation (µ)
0.0895
Data directly taken and estimated from access point creel survey at Cerrillos Reservoir 2011.

Table A.2

Exploitation calculation from creel survey.

Equation
Result
%𝑌𝑆 = (𝐷𝑜 ⁄𝐷𝑠 )
8.67
𝐻𝑎 = %𝑌𝑆 × 𝐻
893.01
̂
𝜇 = 𝐻𝑎 ⁄𝑁
0.0895
Step-by-step equations and results used to estimate Largemouth Bass exploitation from creel data
collected from Cerrillos Reservoir 2011. %YS = percent of year surveyed, Do = Days fishery is
open to fishing, Ds = Days surveyed, Ha = annual harvest of Largemouth Bass, H = number of
̂ = population estimate.
Largemouth Bass harvested counted on survey days, µ = exploitation, 𝑁
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